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Pulses are major constituents of the human diet. Dry bean and chickpea, commonly grown 
in Ethiopia, are among the pulses that serve as important sources of energy and nutrients, 
particularly protein, minerals and folate. However, pulses also contain anti-nutrients which bind 
minerals, mainly iron and zinc, rendering them less bioavailable or unavailable for absorption. 
These anti-nutrient contents of pulses are a particular problem in Ethiopia, where the population 
consumes a plant-based diet and a large percentage of young children and women are affected by 
micronutrient deficiencies. The nutrient and anti-nutrient contents of raw, cooked, soaked-cooked, 
germinated-cooked and fermented dry bean (Hawassa Dume, Nasir and Red Wolaita) and chickpea 
(Habru, Mastewal and Local) varieties grown in Ethiopia were determined with the hypothesis that 
the iron and zinc bioavailability can be enhanced through processing methods applicable at 
household scale. In addition, the effect of soaking and germination on cooking time and the 
acceptability of dishes prepared from dry bean and chickpea were determined. Ferritin formation 
in the Caco-2 cell intestinal absorption model was used as a proxy for iron bioavailability.  
Fermentation of dry bean and chickpea flours significantly reduced the contents of anti-
nutrients (phytate, tannin and polyphenols), as well as the phytate:iron molar ratio compared to 
unfermented samples. For most dry bean and chickpea samples, germination-cooking yielded 
superior results in terms of reducing cooking time, phytate, tannin, and phytate:iron and 
phytate:zinc molar ratios compared to cooking and soaking-cooking. Polyphenol contents were 
lower for soaking-cooking than for germination-cooking. With a few exceptions, the scores for 
sensory attributes of bean-based and chickpea-based dishes prepared from soaked or germinated 
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samples were not significantly different than those of dishes prepared from untreated bean and 
chickpea. 
Among the unprocessed dry bean and chickpea varieties, there was significantly higher 
ferritin formation (better iron bioavailability) in Caco-2 cells exposed to Habru compared to the 
other samples of dry bean and chickpea varieties used in the study. Overall, soaking (18 h)-cooking 
resulted in higher ferritin formation for the dry bean samples. On the other hand, soaked (12 h)-
cooked and germinated (72 h)-cooked in Habru, soaked (12 and 18 h)-cooked and germinated (72 
h)-cooked in Local and germinated (72 h)-cooked in Mastewal chickpea resulted in higher ferritin 
formation compared to samples cooked without pre-treatment. Fermentation for 72 h was effective 
in increasing ferritin formation in all dry bean samples, but not in chickpea samples, with the 
exception of Habru. Although the expected improvements due to the reduced anti-nutrient contents 
were not confirmed by high ferritin formation in Caco-2 cells or by lowering molar ratios below 
critical values in all samples, soaking-cooking, germination-cooking and fermentation will still be 
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Chapter 1   
Introduction 
 
1.1 Background Information and Rationale  
Iron and zinc are among the micronutrients with the greatest impacts on health, including 
physical and mental development (Algarin, Peirano, Garrido, Pizarro, & Lozoff, 2003; Caulfield 
& Black, 2004). Iron and zinc deficiencies tend to occur together since both are affected by similar 
inhibitors, which are highly present in plant-based diets. These inhibitors are collectively termed 
anti-nutrients. Studies have found deficiencies in iron and zinc in many parts of Africa, particularly 
in countries such as Ethiopia where people consume a diet high in plant-based foods. A study 
conducted in two agro-ecological zones of rural Ethiopia showed that 32.7% of children aged 6-23 
months and 19.1% of lactating mothers were deficient in both nutrients (Roba, O’Connor, 
Belachew, & O’Brien, 2016). Another study in a rural village in southern Ethiopia reported that 
21.3% of pregnant women suffered from deficiencies of both micronutrients (Gebremedhin, 
Enquselassie, & Umeta, 2011). Studies in Ethiopia also have found evidence of zinc deficiency 
among women and children. One study reported 72% prevalence of zinc deficiency among 
pregnant women in their third trimester (Abebe et al., 2008). Another found zinc deficiencies in 
Ethiopian pre-school children, school-age children and women of reproductive age of 35%, 35.7% 
and 33.8%, respectively (Ethiopian Public Health Institute, 2016). Studies of iron deficiency in 
Ethiopia have had varying results, with some indicating that iron deficiency is rare and others 
indicating its public health significance. Among these studies of iron deficiency, Haidar and 
Pobocik (2009) reported 18% prevalence of iron deficiency anemia among women of reproductive 




sectional study involving women of 15 to 49 years, Haidar (2010) found that more than half were 
deficient in iron.  
Despite studies with varying results, these mostly high percentages of deficiencies found in 
women and young children are not a surprise, given that most families in Ethiopia cannot afford to 
regularly consume foods from animal sources. The causes of nutritional deficiency are 
multifactorial, with inadequate dietary intakes and infections considered to be immediate causes 
(UNICEF, 1990). Although inadequate dietary intake could be attributed to a lack of sufficient 
food, micronutrient deficiency also can occur due to poor bioavailability of nutrients (Thavarajah 
& Thavarajah, 2012) and not merely to the absence of food. Due to the presence of anti-nutrients, 
such as phytate, tannin and polyphenols, nutrients such as iron and zinc obtained from plant-based 
foods are not as bioavailable as those obtained from animal-source foods. This lack of 
bioavailability is a great concern in most developing countries that largely depend on plant-based 
staple diets (Hotz & Gibson, 2001). Ethiopia is no exception. Adish et al (1999) reported that, 
despite adequate dietary iron intake from cereals, 43% of preschool children in northern Ethiopia 
had a serum ferritin of less than 12 µg per l, indicative of iron deficiency. Adish et al.’s findings 
were supported by a longitudinal study (Zimmermann, Chaouki, & Hurrell, 2005), which found 
that children aged 6 to 10 had a higher iron intake than required but absorbed only 2% of the iron 
consumed. To alleviate nutrient deficiencies through food-based approaches, it is thus important to 
assess and understand the nutrient composition of available diets and factors that affect their 
bioavailability (Lönnerdal, 2000).  
In Ethiopia, diets mainly comprise cereals, starchy roots and tubers (Food and Agriculture 
Organization, 2008; Mesfin, Henry, Girma, & Whiting, 2015; Roba et al., 2015). Next to cereal, 
roots and tubers, pulses play an important role in the diet of Ethiopians, serving as the top source 




chickpea, but excluding legumes used for oil extraction (soybean and ground nut) or those 
consumed green (green pea and green bean) (Asif et al., 2013; Singh & Basu, 2012). Ethiopia is 
the number one producer of chickpea in Africa (Kassie et al., 2009) and among the top ten 
producers in the world. Ethiopia is also among the top producers of dry bean in Africa (International 
Food Policy Research Institute, 2010). Pulses in Ethiopia have a dual role, being important from 
both an agricultural and a food security perspective. Since the majority of Ethiopians depend on 
subsistence farming, cultivating pulses has a great impact on improving productivity and income 
for the population (Rashid, Yirga, Behute, & Lemma, 2010). Pulses are environmentally friendly 
crops, as they grow even with small amounts of water and improve the fertility of soil through their 
nitrogen fixing capacity. From a food security perspective, pulses serve as a cheap alternative 
protein source, while also providing high amounts of micronutrients such as zinc, iron and folate. 
Studies carried out in Ethiopia that supplemented cereal-based dishes with pulses have 
demonstrated an improvement in nutritional quality. For example, improved amino acid profiles 
(Abebe et al., 2006) and increased protein content (Kebebu, Whiting, Dahl, Henry, & Kebede, 
2013) have been reported.  
Pulses have the capacity to provide micronutrients, but micronutrient bioavailability, 
particularly iron and zinc bioavailability, tend to be lower in plant-based diets. Studies have shown 
that calcium concentrations in plant-based diets contributed to poor iron bioavailability. It also was 
thought that calcium could result in low zinc bioavailability, however recent studies indicated no 
effect of calcium on zinc absorption (Hunt and Beiseigel, 2009). Food processing strategies, 
applicable at the household level, have been found to be useful in improving zinc and iron 
bioavailability (Khalil et al., 2007; Luo, Gu, Han, & Chen, 2009; Nergiz & Gökgöz, 2007; Shimelis 
& Rakshit, 2007). These strategies include soaking, germination and fermentation. However, there 




of anti-nutrients in plant-based diets. Information on the effect of such strategies on dry bean- and 
chickpea-based Ethiopian dishes is limited. The optimal conditions that result in the highest 
reduction differ based on the species and the food processing strategy used. There is a need to 
determine the appropriate strategy before promoting it at the community level. In addition, research 
linking the impact of household-level food processing strategies with changes in bioavailability of 
minerals measured using in vitro techniques are scarce. Therefore, this study was designed to fill 
these gaps in research.  
 
1.2 Hypotheses and Objectives 
1.2.1 Hypotheses 
The study was carried out to test the following hypotheses: 
 Flours from fermented dry bean and chickpea are lower in polyphenols, tannin and phytate 
than are raw dry bean and chickpea flours.  
 Cooked dry bean and chickpea prepared from pre-soaked and pre-germinated seed are 
lower in polyphenols, tannin and phytate than are cooked dry bean and chickpea prepared 
from untreated seeds. 
 The sensory attributes of dishes prepared from pre-soaked and pre-germinated dry bean and 
chickpea seed are acceptable to consumers and panelists as dishes prepared from untreated 
seed.  
 Cooked dry bean and chickpea prepared from pre-germinated and pre-soaked seed are 
higher in iron bioavailability than are cooked dry bean and chickpea prepared from 




 Flour from fermented dry bean and chickpea are higher in iron bioavailability than are raw 
bean and chickpea flours. 
 
1.2.2 Objectives 
The general objective of the current study was to improve the bioavailability of iron and zinc in 
dry bean and chickpea grown in Ethiopia through food processing strategies applicable at the 
household level, and to evaluate the impact of these strategies on anti-nutrient levels and iron 
uptake using the Caco-2 cell intestinal absorption model coupled with in vitro digestion. 
 
1.2.3 Specific Objectives 
Objective 1: To determine the effect of fermentation for 24, 48 and 72 h on nutrient (iron, zinc and 
calcium) and anti-nutrient (phytate, polyphenols, tannin) levels of dry bean (Hawassa Dume, Nasir 
and Red Wolaita) and chickpea (Habru, Mastewal and Local);  
 
Objective 2: To determine the effect of soaking for 6, 12 and 18 h combined with cooking on 
nutrient (iron, zinc and calcium) and anti-nutrient (phytate, polyphenols, tannin) levels of dry bean 
(Hawassa Dume, Nasir and Red Wolaita) and chickpea (Habru, Mastewal and Local);   
 
Objective 3: To determine the effect of germination for 24, 48 and 72 h combined with cooking on 
nutrient (iron, zinc and calcium) and anti-nutrient (phytate, polyphenols, tannin) levels of dry bean 
(Hawassa Dume, Nasir and Red Wolaita) and chickpea (Habru, Mastewal and Local); 
 
Objective 4: To determine the acceptability of dishes prepared from soaked and germinated dry 




Objective 5: To analyze iron bioavailability of soaked-cooked, germinated-cooked and fermented 
dry bean (Hawassa Dume, Nasir and Red Wolaita) and chickpea (Habru, Mastewal and Local) 
using the Caco-2 cell intestinal absorption model coupled with in vitro digestion.  
 
1.3 Significance of the Study 
This study will help to determine the effect of soaking, germination and fermentation on 
the iron and zinc bioavailability of dry bean and chickpea. The results will be instrumental for 
designing simple interventions applicable at the household level with minimal resources. Not only 
will the information generated from this study help to identify the best strategy for processing 
pulses at the household level, it also will help to compare the nutrient composition of samples of 
local and improved varieties of dry bean and chickpea, knowledge that will be useful in selecting 
varieties with high levels of nutrients of interest. The sensory evaluation of dishes prepared after 
applying different food preparation strategies also will be useful in determining the acceptance of 
the strategies before promoting them at the community level. 
  
1.4 Definition of Terms 
Bioavailability: the proportion of a nutrient in a food that could be absorbed and used by the body 
(Hurrell, 2002). 
Chickpea: Cicer arietinum L. that include Desi and Kabuli type (Common name: bengal gram and 
garbanzo).  
Dry Bean: Phaseolus vulgaris L. (Common name: common bean, kidney bean, haricot bean, black 
bean and white bean). 




Local varieties: varieties that are commonly known and used by local communities, either 
purchased from markets or from farmers. 
 
1.5 Organization of the Thesis  
The main objective of the study was to improve the bioavailability of iron and zinc in dry 
bean and chickpea-based Ethiopian dishes through food processing strategies applicable at the 
household level, and to evaluate the impact of these strategies on anti-nutrient levels and iron 
uptake using the Caco-2 cell intestinal absorption model coupled with in vitro digestion. This thesis 
is divided into seven chapters. Chapter 1 presents the background and rationale for the study. 
Chapter 2 presents a broad overview of the literature. Chapter 3 describes a scoping review 
published in 2016 in the International Journal of Food Science and Technology of food processing 
strategies and their impact on the anti-nutrient content of dry bean and chickpea. The materials and 
methods used are included as sections of Chapters 4 to 6 of the thesis. Chapter 4 provides insights 
on the impact of fermentation on the nutrient and anti-nutrient content of dry bean and chickpea 
grown in Ethiopia. Chapter 5 describes the key findings of a study on the impact of soaking and 
germination combined with cooking (soaked-cooked and germinated-cooked) on nutrient and anti-
nutrient contents, cooking time and the acceptability of cooked dry bean and chickpea. Chapter 6 
explores iron bioavailability of soaked-cooked, germinated-cooked and fermented dry bean and 
chickpea samples measured using the in vitro digestion/Caco-2 cell culture intestinal absorption 
model. The thesis concludes with Chapter 7, the general discussion, which summarizes the key 
findings and compares them with those in the literature. This section is informed by the literature 
presented in Chapters 2 and 3. Chapter 7 also outlines the strengths of the study, limitations and 




Chapter 2   
Literature Review 
 
This chapter presents a general comprehensive review, beginning with an overview of 
micronutrient malnutrition at the global level followed by a discussion of the Ethiopian situation. 
The review focuses on iron and zinc, providing details on dietary sources, mechanisms of 
absorption and consequences of deficiency. Also discussed are anti-nutrients in pulses, with a focus 
on dry bean and chickpea, their impact on iron and zinc bioavailability, assessment techniques and 
interventions to help tackle iron and zinc deficiency.  
 
2.1 Micronutrient Deficiency 
Micronutrient deficiency, also known as “hidden hunger,” is a major public health problem 
in most developing countries, including Ethiopia (Chakravarty & Sinha, 2002). Micronutrients are 
required in minute amounts for normal physiological function. However, the vast majority of the 
world’s people do not regularly consume adequate levels of these nutrients, leading to the 
development of deficiencies. The micronutrients vitamin A, iron, iodine and zinc are of greatest 
public health concern (World Health Organization, 2007) since deficiencies in these micronutrients 
have serious health consequences, affecting many individuals across the globe. 
 
2.1.1 Iron and Zinc Deficiency: The Global Situation 
More than two billion individuals worldwide suffer from micronutrient deficiency (World 
Health Organization, 2007). Among the micronutrient deficiencies, iron is the most common 




approximately 17.3% of the global population is estimated to be at risk of inadequate intake 
(Wessells & Brown, 2012). Iron and zinc deficiencies contribute to the global burden of disease, 
resulting in approximately 2.4% and 2.9%, respectively, losses of healthy life years (World Health 
Organization, 2002). The highest prevalence of zinc deficiency is reported in sub-Saharan Africa, 
South and Central America and South Asia (Black et al., 2008). Both iron and zinc deficiencies are 
among the top 10 risk factors for morbidity in developing countries (World Health Organization, 
2002). Some segments of the population in these countries are at high risk for these deficiencies, 
particularly women, the elderly, infants and young children (Hotz & Brown, 2004). The prevalence 
of iron deficiency anaemia is estimated to be 56% and 41% in pregnant and non-pregnant women, 
respectively, in developing countries (Denic & Agarwal, 2007). Micronutrient deficiency 
contributes to about 10% of deaths and Disability Adjusted Healthy Life Years (DALYS) in 
children under five years of age (Bhutta et al., 2008).  
 
2.1.2 The Ethiopian Situation 
Poor nutritional status of women and young children in Ethiopia has been reported for 
years, with high rates of stunting, underweight, wasting and micronutrient deficiency (vitamin A, 
iodine, zinc and iron). A national survey carried out in Ethiopia in 2011 indicated that 44%, 29% 
and 10% of children under five years of age were stunted (height for age <-2SD), underweight 
(weight for age <-2SD) and wasted (weight for height <-2SD), respectively (Central Statistical 
Agency [Ethiopia] and ICF International, 2012). The same study found that 27% of women were 
thin or undernourished (Body Mass Index< 18.5 kg/m2). Poor diet quality and diversity has been 
reported in Ethiopia, with the diets of more than half of infants and young children in two rural 
communities in Ethiopia comprising up to only two food groups (Ersino, Henry, & Zello, 2016), 




et al., 2015) and the diets of 56% of lactating mothers comprising less than 3.4 food groups 
(Weldehaweria et al., 2016). An Ethiopian national food consumption survey (EPHI, 2013) found 
that the protein intake of approximately half the children in Ethiopia is less than estimated average 
requirements. A study carried out in third-trimester pregnant women in the southern part of 
Ethiopia reported a 72% prevalence of zinc deficiency based on plasma zinc concentration (Abebe 
et al., 2008). In other study conducted in a similar set up, a lower prevalence (53.0%) was reported, 
unsurprisingly, as it included pregnant women in all trimesters (Gebremedhin et al., 2011). The 
same 2013 national food consumption survey mentioned above (EPHI, 2013) found that the zinc 
and calcium intake of Ethiopian women and children was lower than the recommended amount. 
The Ethiopian Demographic and Health Survey (EDHS) report also showed that a large percentage 
of children (38%) under five years are stunted (Central Statistical Agency [Ethiopia] and ICF, 
2016b). Height- or length-for-age is considered a functional outcome associated with risk for zinc 
deficiency in populations (Walker, Young, Black, Fontaine, & Black, 2009). Using WHO criteria, 
a national stunting rate of ≥ 20% is considered a public health concern and such high rates of 
stunting also suggest that zinc deficiency is a public health problem, according to International 
Zinc Nutrition Consultative Group (IZiNCG) (Hotz & Brown, 2004). 
Anemia is a low level of circulating hemoglobin, which can be caused by iron deficiency, 
other micronutrient deficiencies and non-nutritional causes such as infection, blood loss and 
genetic disorders. Findings from studies on the prevalence of anemia in Ethiopian women and 
children have been uneven, but, in general, studies have found a higher prevalence of anemia in 
infants and children under five years. According to government statistical reports, the prevalence 
of anaemia among Ethiopian children increased from 44% in 2011 to 57% in 2016 (Central 
Statistical Agency [Ethiopia] and ICF, 2016b). An earlier study (Adish, Esrey, Gyorkos, & Johns, 




Prevalence rates of anemia in older children seem to be lower. A national survey of school children 
in 2008 reported a prevalence of anemia of 9.79% among these children (Hall, Kassa, Demissie, 
Degefie, & Lee, 2008). Another more recent survey, however, reported much different results, 
indicating that 34.4% and 25.6% of pre-school and school children, respectively, were anemic 
(Ethiopian Public Health Institute, 2016).  
Findings from studies of anemia prevalence among women of child-bearing age have also 
varied. The 2016 EDHS reported that 23% of women aged 15-49 years were anaemic (Central 
Statistical Agency [Ethiopia] and ICF, 2016b), whereas an earlier study conducted in nine 
administrative regions of Ethiopia reported 30.4% prevalence of anemia in women of reproductive 
age (Umeta, Haidar, Demissie, Akalu, & Ayana, 2008). Another recent survey found a much lower 
prevalence of anemia: 17.7% among women of reproductive age (Ethiopian Public Health Institute, 
2016). In general, then, studies have consistently found 37 to 57% rates of anemia among children 
under five years of age, rates of about 10 to 15% among older children and rates of about 18 to 
30% among women of reproductive age. According to the World Health Organization (WHO), a 
population prevalence of anemia above or equal to 40% is considered a major public health 
problem, whereas a prevalence of 20.0 to 39.9% of anemia is considered a moderate public health 
problem (World Health Organization, 2001).  
These findings, especially for infants and young children, indicate that anemia has public 
health importance in Ethiopia. Although, according to the World Health Organization (2011), about 
half of the world’s anemia cases are estimated to be due to iron deficiency, in Ethiopia, health care 
workers and researchers dispute whether iron deficiencies or other conditions are at the root of the 
condition’s prevalence and inconclusive and mixed results have been reported (Umeta et al., 2008). 
Some of these studies, however, have linked anemia to iron deficiency. It is important to note that 




which reflects the status of only a few segments of the population affected by iron deficiency, 
indicating that the majority of the population may present as sub-clinical cases (Umbreit, 2005). In 
the above-mentioned 1999 study reporting 42% prevalence of anemia among children 6 to 60 
months of age, a  subsample of 43% of children had serum ferritin levels below 12 µg per litre, 
indicating that iron deficiency greatly contributed to the manifestation of anemia in these children 
(Adish et al., 1999). Other studies have also measured serum ferritin levels to specifically identify 
iron deficiency in children and women. A recent study in the southwestern part of Ethiopia reported 
37.5% prevalence of iron deficiency in school children (Desalegn et al., 2014). A 1999 study 
indicated 18.7% prevalence rate of iron deficiency in pregnant and lactating women (Haidar et al., 
1999). In a later study Haider and colleagues (2003) reported a 22.3% prevalence of iron deficiency 
in lactating mothers in urban slum areas in Addis Ababa (Haidar et al., 2003). A study in a small 
village in the southern part of Ethiopia reported 13% and 33% prevalence of iron deficiency and 
depleted iron stores in pregnant women, respectively (Gibson et al., 2008). The evidence from all 
these studies suggests that iron deficiency is likely one of the causes of anemia in Ethiopia, or at 
least a contributing factor.  
The intake of iron rich foods varies in the Ethiopian population. For example 84% and 6% 
prevalence of inadequate iron intake was reported in the Somali and Amhara regions, respectively 
(EPHI, 2013). The EDHS study, which found 36.9% prevalence of anemia in children aged 6-59 
months in Southern Nations, Nationalities, and Peoples’ Region (SNNPR), also found that children 
in SNNPR were less likely to eat iron-rich foods; only 6% of children 6-23 months of age consumed 
iron-rich foods in the 24-hour period preceding the survey (Central Statistical Agency [Ethiopia] 
and ICF International, 2012). The first national food consumption survey conducted in all nine 
regions of Ethiopia reported that iron intakes are lower than the recommended amount in children 




in Ethiopia. Despite the debate about whether iron is the main cause of anemia in Ethiopia, iron 
deficiency anemia ranked as the 15th and 16th cause of under-5 mortality rate in 1990 and 2013, 
respectively (Deribew et al., 2016). 
 
2.2 Zinc 
Even though the importance of zinc has long been recognized for plants, animals and 
microorganisms, the importance of zinc for humans was not understood until the 1960s (Prasad, 
2003). The abundant presence of zinc in biological systems and the lack of specific signs and 
symptoms of its deficiency had misled scientists, who believed that zinc could not be deficient in 
humans (Prasad, 2012). It was not until 1958 that investigations into zinc deficiency in humans 
began after a 21-year-old male presented in Iran with growth retardation, dry and rough skin and 
hypogonadism (Prasad, Halsted, & Nadimi, 1961). The patient’s diet was mainly plant-based and 
an additional 10 patients with a similar dietary history and comparable clinical manifestations were 
seen in the two years following the initial case. Prasad et al. (1961) indicated that zinc deficiency 
might be responsible for the growth retardation and hypogonadism of the 11 patients in their study. 
Other cases with a similar clinical picture and dietary history were examined in Egypt and they 
responded well to zinc supplementation (Prasad, 2012). This research confirmed that zinc 
deficiency is possible in humans. Since the discovery of the importance of zinc for humans, 
extensive studies have been carried out to understand its impact on different health outcomes. In 
2002, zinc deficiency was included as a major risk factor for the global burden of disease (Ezzati, 
Lopez, Rodgers, Vander Hoorn, & Murray, 2002). In Ethiopia, zinc has received similar attention 




More than 300 enzymes in the human body are zinc-dependent; hence, zinc takes part in 
and influences a large number of biochemical pathways (Prasad, 2012). Zinc’s function can be 
categorized as catalytic, structural and cellular regulatory (Maret, 2013) and it has a role in protein 
synthesis, collagen formation and energy metabolism. The zinc content in the human body ranges 
from 1.5 to 2.5 g (Hotz & Brown, 2004). The major factors in the etiology of zinc deficiency are 
inadequate dietary intake, an increased physiological requirement and increased loss or impaired 
use due to disease conditions (Gibson, 2006). Zinc is considered as a type-2 nutrient; deficiencies 
of type-2 nutrients result in reduction of body growth and urinary excretion, as the body attempts 
to conserve its stores. 
 
2.2.1 Dietary Sources of Zinc 
Zinc is ubiquitously available in different foods, most of which are associated with protein 
and nucleic acid (Gropper, Smith, & Groff, 2005). Animal-source foods such as organ meats, flesh 
meats, poultry and seafood are rich sources of zinc. Among plant-based food sources, whole grains, 
legumes and leafy vegetables are relatively rich sources. The Food and Nutrition Board of the 
National Research Council of the USA National Academy of Sciences established a recommended 
dietary allowance (RDA) for zinc for the first time in 1974 (Food and Nutrition Board, 1974). The 




Table 2-1. Dietary reference values for zinc. 










0-6 mo   2*** 2*** 
7-12 mo 2.5 mg/day 2.5  3 3 
1-3 y 2.5 2.5  3 3 
4-8 y 4.0  4.0  5 5 
9-13 y 7.0 7.0  8 8 
14-18 y  8.5 7.3 11 9 
19-50 y  9.4 6.8 11 8 
≥ 59 y  9.4 6.8 11 8 
Source: Otten, Hellwig, & Meyers (2006)  
* EAR=Estimated Average Requirement,   ** RDA=Recommended Dietary Allowance    ***AI= Adequate intake 
 
2.2.2 Zinc Absorption 
Absorption is the process of influx of nutrients into enterocytes at the apical membrane and 
efflux across the basolateral membrane into the portal circulation (Krebs, 2000). The 
gastrointestinal system plays a major role in the homeostasis of zinc (Krebs, 2000; Lopez, 
Leenhardt, Coudray, & Remesy, 2002). After zinc is liberated into ionic form through digestion, it 
is absorbed through either a saturable carrier-mediated process or a nonsaturable uptake process 
(diffusion). In addition to being ingested, zinc is released endogenously into the intestinal tract 
from pancreatic and biliary secretions. Part of the endogenous zinc is either absorbed or excreted 
(Gropper et al., 2005).  
The main mechanism of zinc absorption depends on the concentration in the consumed 
meal; it is absorbed passively with high dietary intake and actively with low intake (Roohani, 
Hurrell, Kelishadi, & Schulin, 2013).  Zinc transporters, namely ZnT (SLC30) and ZIP (SLC39), 
are involved in zinc influx and efflux. The latter leads to the influx of extracellular or organellar 
zinc into the cytoplasm, whereas ZnT does the opposite (Prasad, 2012). Ten ZnTs and 14 ZIPs 




of intestinal cells, stomach and colon and is principally responsible for zinc influx (King, 2010). 
Its expression increases with low dietary zinc intake. ZnT5, believed to have a bidirectional role, 
is also localized in the apical membrane of intestine and Caco-2 cells (Cousins, 2010). Researchers 
have speculated that ZIP11 is expressed in the apical membrane, but this needs further 
investigation. ZIP14 is found in both the apical and basal membrane: however, its role remains to 
be determined. Zinc that enters enterocytes can be used by the intestinal cells themselves, stored in 
the enterocyte, or transported across the basolateral membrane to be used by other body tissues. 
ZnT2 and ZnTs 4 to 7 are involved in zinc transport into intracellular organelles (Cousins, 2010). 
ZnT1, localized in the basolateral membrane of the enterocyte, facilitates the movement of zinc 
across the basolateral membrane of the enterocyte into the portal circulation (McMahon & Cousins, 
1998). ZIP5, localized at the basolateral membrane, was degraded with zinc depletion, suggesting 
that ZIP5 could serve as a monitor for body zinc status, but its role has yet to be studied (Dufner-
Beattie, Kuo, Gitschier, & Andrews, 2004).  
Zinc that crosses the basolateral membrane is then transported to the liver and released into 
systematic circulation, which leads to distribution to different tissues. In the blood, zinc is 
transported mostly by albumin, but 15 to 40% of zinc in the blood is transported by transferrin, α-
2 macroglobulin, or immunoglobulin G (Gropper et al., 2005). A low molecular weight protein, 
termed thionein, binds and stores zinc not immediately required. Thionein, with zinc bound to it, 
is known as metallothionein (MT). MT serves as a source of zinc when the level of available zinc 
is low (Maret, 2000). 
The absorption of zinc is affected by both dietary and systemic factors. Physiological 
conditions are among the systemic factors that affect the amount of intestinal zinc absorption. It 
was previously thought that absorption was linked to zinc status; however, a recent review 




absorbed more efficiently when dietary intake is low and vice versa. Zinc homoeostasis is 
maintained largely by changes in absorption and excretion. It has been reported that such an 
adaption occurs in low-phytate diets but not in high-phytate diets (Hunt et al., 2008).  
Among the dietary factors that affect zinc absorption negatively is the phytate, polyphenols 
and tannin content of meals, with phytate exerting the greatest negative influence (Lopez et al., 
2002). The amount and quality of protein and zinc in meals also influences zinc absorption 
(Lönnerdal, 2000). Even when the dietary zinc supply and absorption is insufficient, the level of 
zinc is maintained in some parts of the body, such as the skeletal muscles, brain, lungs and heart. 
However, there is no reserve for zinc that could sustain long-term inadequate intake. If dietary 
intake and absorption progressively decline to meet the body’s requirements for a long period, 
symptoms of zinc deficiency start to manifest. 
 
2.2.3 Consequences of Zinc Deficiency 
Since several metabolic processes in humans are zinc-dependent, many systems are 
affected by zinc deficiency (Hambidge, 2000). Meta-analysis reviews have demonstrated the role 
of zinc on growth (Brown, Peerson, Baker, & Hess, 2009; Brown, Peerson, Rivera, & Allen, 2002; 
Imdad & Bhutta, 2011). Zinc also affects immunity, thereby increasing morbidity in zinc- deficient 
humans (Fraker, King, Laakko, & Vollmer, 2000).  
Manifestations of moderate zinc deficiency include growth retardation, loss of appetite, 
delayed wound healing, male hypogonadism and skin changes. Some of the clinical manifestations 
of severe zinc deficiency are alopecia, mental disturbance, recurrent infections and dermatitis 
(Prasad, 2012). Zinc deficiency also increases the risk of diarrhoeal disease, pneumonia and 
malaria, due to the significant role of zinc in the immune system (Bhandari, Bahl, Hambidge, & 




however, deficiency during pregnancy can lead to irreversible health consequences on both the 
mother and the fetus. The child could suffer from cognitive impairment and congenital 
malformations (Bhatnagar & Taneja, 2001). Among the common consequences for the mother are 
pregnancy-induced hypertension, miscarriage and prolonged and preterm labour. A recent study 
conducted in Southern Ethiopia confirmed that zinc deficiency was a major factor influencing 
cognitive abilities (Stoecker et al., 2009). About 16% of repetitions in primary school are associated 
with stunting in Ethiopia. In addition, a higher school dropout rate was noted in stunted children 
(Dione, Omamo, Diop, & Kaloko, 2013).  
 
2.3 Iron 
Iron is one of the essential trace elements required for the body’s proper function. Iron plays 
a major role in different metabolic activities and functions as part of important human body 
structures, including hemoglobin and myoglobin. It is involved in oxygen transport, DNA synthesis 
and energy generation in the mitochondria (Montalbetti, Simonin, Kovacs, & Hediger, 2013; 
Pietrangelo, 2002). The human body contains 2 to 5 grams of iron, the majority of which is found 
in haemoglobin.  
 
2.3.1 Dietary Sources of Iron 
Dietary iron is present in two forms: heme and non-heme iron. The only source of heme 
iron is animal-source foods, whereas non-heme iron can be found in both plant- and animal-source 
foods. Organ meats, e.g., liver, are rich sources of heme iron from animal-source foods and red 




and dark green leafy vegetables are rich sources of non-heme iron. The EAR and RDA for iron are 
presented in Table 2-2. 
 
Table 2-2. Dietary reference values for iron.  










0-6 mo   0.27*** 0.27*** 
7-12 mo 6.9 6.9 11 11 
1-3 y 3.0 3.0  7  7 
4-8 y 4.1 4.1 10 10 
9-13 y 5.9 5.7  8  8 
14-18 y 7.7 7.9 11 15 
19-50 y 6.0 8.1  8 18 
51-70 y 6.0 5.0  8 8 
>70 y 6.0 5.0   8 8 
Source: Otten, Hellwig, & Meyers (2006)  
* EAR=Estimated Average Requirement,   ** RDA=Recommended Dietary Allowance    ***AI= Adequate intake 
 
2.3.2 Iron Absorption 
 Although there is no active and regulated excretion of iron, approximately 0.5-2 mg of iron 
is lost daily (Sharp, 2010). On the other hand, the majority of iron (20-25 mg per day) is recycled 
through the reticuloendolethelial system (Montalbetti et al., 2013; Srai & Sharp, 2012). However, 
to maintain iron balance in the body,  the lost iron needs to be replaced (Hurrell & Egli, 2010). Iron 
imbalance occurs when the intake is lower than the requirement for a long period (Tapiero, Gate, 
& Tew, 2001). The consumption of an adequate amount of bioavailable iron is essential since 
absorption is one of the key regulatory mechanisms for iron hemostasis. The type and amount of 
iron, dietary factors, iron stores and the rate of erythropoiesis all determine the amount of iron to 
be absorbed (Srai & Sharp, 2012). Most of the absorption occurs in the duodenum, the upper part 




apical membrane, intracellular processing and transport to the basolateral membrane and release 
into the portal circulation.  
Heme iron is well absorbed compared to non-heme iron. The absorption of heme iron 
present in meat is about 20-30%, whereas non-heme iron absorption is only 1-10% (Sharp, 2010). 
There is no clear understanding of heme iron uptake; however, studies indicate that it is absorbed 
intact through a pathway independent of non-heme iron absorption via a heme carrier protein 
(HCP1) (Shayeghi et al., 2005). HCP1 is localized in duodenal enterocytes and its expression has 
been found to be upregulated by iron deficiency and hypoxia. Once inside the cell, heme iron is 
liberated from the porphyrin ring by hemeoxygenase and joins the non-heme iron pool (Andrews 
& Schmidt, 2007). Unlike non-heme iron, its absorption is not affected by dietary factors, with the 
exception of calcium.  
Non-heme iron absorption is primarily affected by inhibitors in food (Sharp, 2010). It exists 
in two oxidation states in food and the human body: as ferrous (Fe+2) and ferric (Fe+3) ions. Ferric 
iron is the most common form of iron that enters the intestine (McKie et al., 2001). Before it is 
absorbed, ferric iron needs to be reduced to a ferrous, more soluble form. This process can be 
facilitated by dueodenal cytochrome b (Dcytb), a protein with a ferric reductase property, localized 
in the duodenum (McKie, 2008). Dietary factors such as ascorbic and other organic acids also are 
believed to enhance iron absorption (Gillooly et al., 1983; Salovaara, Sandberg, & Andlid, 2002; 
Teucher, Olivares, & Cori, 2004). Ascorbic acid is a more potent enhancer of iron absorption than 
other organic acids since it has the capacity to keep iron in a more soluble form due to its reducing 
potential (Teucher et al., 2004). Some ferric iron can also be absorbed as is, but the mechanism is 
not clearly understood. The reduced form of iron (Fe+2) is transported into the enterocyte via a 
divalent metal transporter (DMT1), also referred to as a divalent cation transporter (DCT1), 




body iron status and its expression is increased with body iron depletion. Part of the iron that enters 
the enterocytes can be used by the intestine itself, stored, or transported into the circulatory system 
to be used by other tissues.  
Ferroportin (FPN), also termed iron regulated transporter 1 (IREG1), SLC40A1, or MTP1, 
is a protein responsible for the efflux of iron from the enterocytes to the circulation (McKie et al., 
2000). The expression of FPN is linked to body iron status. In the intestine, its expression is 
increased with body iron depletion. Before iron is transported into the blood, ferrous iron carried 
by FPN needs to be converted to the ferric form, which is facilitated by membrane-bound 
ferrioxidase, hephaestin (HEPH) (Anderson & Vulpe, 2009). Transferrin is a plasma protein that 
binds two iron atoms (Tapiero et al., 2001) and then carries ferric iron and transports it to different 
parts of the body for use or storage (Montalbetti et al., 2013). Part of the iron stored in the 
enterocytes and not transferred across the basolateral membrane is sloughed off after two to three 
days (Andrews & Schmidt, 2007). Liver-derived hepcidin controls the efflux of iron into the 
circulation (Srai & Sharp, 2012). It inhibits the efflux of iron into the circulation when the liver 
iron level is high and vice versa, by binding to ferroportin and degrading it (Andrews & Schmidt, 
2007).  
About 3-4 mg of transferrin-bound iron circulates in the blood (Srai & Sharp, 2012). Most 
of the transferrin-bound iron is transported to the liver and reticuloendothelial system (Montalbetti 
et al., 2013). Cells can take up iron bound by transferrin in different ways, but the best known 
method is via the transferrin receptor (TfR). The expression of the transferrin receptor is dependent 
on the cellular iron need (Gropper et al., 2005). The transferrin receptor complex enters the 
endosomal compartment of the cytoplasm via endocytosis (Tapiero et al., 2001). DMT1 is 
important for the endosomal release of transferrin-bound iron into the cytoplasm (Srai & Sharp, 




2001). Ferritin can store up to 4,500 atoms of iron in its central cavity (Anderson & Vulpe, 2009). 
When there is more iron than can be stored as ferritin, part of it is degraded to hemosiderin (Koorts 
& Viljoen, 2007). Major storages sites are the liver, spleen and bone marrow. The 
reticuloendothelial system contributes mainly to the circulatory iron by recycling iron. When the 
level of stored iron declines and fails to meet the body’s iron requirement, the consequences of iron 
deficiency start to manifest.  
 
2.3.3 Consequences of Iron Deficiency 
Iron is important for proper bodily functions and its deficiency has been associated with 
adverse health and social consequences. For example, iron deficiency has been associated with low 
levels of hemoglobin, a compromised immune system, poor brain development (Radlowski & 
Johnson, 2013) and reduced productivity and work performance (Haas & Brownlie, 2001). Iron 
deficiency that occurs during pregnancy can affect both the mother and the fetus with adverse long-
term health consequences. Among the adverse consequences of iron deficiency in pregnant women 
are pre-term births, infants with low birth weights and still births (Coad & Conlon, 2011). Although 
the biological mechanism is not clear, studies have shown an association between iron deficiency 
anemia and lower cognitive development scores of children, as measured using standard techniques 
(Grantham-McGregor & Ani, 2001).  
 
2.4 Pulses 
Plant foods provide almost 80% of the energy and 65% of the protein supply worldwide 
(Sathe, 2002). Plant-based foods are relatively cheap compared to animal-source foods and serve 




Hussain, 2008; Kebebu et al., 2013; Tharanathan & Mahadevamma, 2003). In addition to their 
benefits as food for humans, pulses serve as feed for livestock production. They also contribute to 
household income as a cash crop and have valuable impacts in sustainable agriculture. Soil nutrient 
depletion is an issue for many households that depend on subsistence farming (Graham & Vance, 
2003), as they cannot afford to purchase fertilizers. However, soil fertility can be improved by 
intercropping pulses with cereals since pulses have nitrogen fixing capacity. Studies have shown 
that the rotation of pulses could reduce the use of chemical fertilizers (Kumar & Bourai, 2012). 
The United Nations has recognized the versatile benefits of pulses and declared 2016 as the 
International Year of Pulses. 
 
2.4.1 Dry Bean 
Dry bean (Phaseolus vulgaris L.) is a polymorphic crop with 150-200 species (Sathe, 2002). 
Beans are consumed in different parts of the world, especially in Africa and Asia (de Almeida 
Costa, da Silva Queiroz-Monici, Pissini Machado Reis, & de Oliveira, 2006). Different names are 
used to refer to the dry bean, including French bean, kidney bean, navy bean, pinto bean, field 
bean, haricot bean and common bean. Ethiopia is the ninth producer of dry bean in the world (Food 
and Agriculture Organization, 2012). Dry bean is the second most important pulse in Ethiopia, 
accounting for 17% of the total pulse production (Rashid et al., 2010). Mostly produced by 
smallholder farmers, dry bean has a significant role in food security and in the export sector (Asfaw 
& Blair, 2014). Among the regional states in the country, the Oromia (43%), SNNPR (30%) and 
Amhara (24%) regions produced the highest percentage of dry bean in 2009/10. The majority of 
the production is used for household consumption, mostly in the rural area (Mulugeta, 2010). Dry 
beans are mostly consumed by boiling as nifro, a local word used to describe boiled grains or grains 




bean are being improved and released by agriculture research centres. These varieties are usually 
adapted for different conditions such as yield, resistance to disease, seed size and drought resistance 
(Shimelis & Rakshit, 2005a). A recent study indicated that the Hawassa Dume variety of dry bean 
performed well in drought (Asfaw & Blair, 2014). 
 
2.4.2 Chickpea 
Chickpea (Cicer arietinum L.) is among the most widely consumed pulses across the world. 
Chickpea is referred to by different names, including bengal gram and garbanzo. Chickpea is one 
of the oldest grain legumes and is believed to have originated in an area around Turkey and Syria 
(Singh, 1997; Tanno & Willcox, 2006). In Ethiopia, the earliest record of chickpea dates back to 
1520 BC (Joshi et al., 2001). Two types of chickpea exist: Kabuli and Desi. The Kabuli-type 
chickpea is larger in size and brighter in color than the Desi-type chickpea.  
Chickpeas are cultivated in the semi-arid tropics and in temperate climatic zones, mainly in 
Asia, north and east Africa, southern Europe, Australia and North and South America (Singh, 
1997). With an annual production of 409,733 metric tons, Ethiopia is the fourth largest producer 
of chickpea in the world, after India, Australia and Turkey (Food and Agriculture Organization, 
2012). As the leading producer in Africa, Ethiopia accounts for 46% of chickpea production on the 
continent (Kassie et al., 2009). Among pulse varieties, chickpea is third in terms of production in 
Ethiopia, accounting for 16% of total pulse production (Rashid et al., 2010). For the farmers in 
Ethiopia, chickpea offers a unique opportunity because it can grow in residual moisture following 





2.4.3 Nutritional Importance of Pulses 
Pulses are good sources of protein, folate and minerals (Sandberg, 2010), with protein 
content ranging from 16.89 to 34.7% (Boye, Zare, & Pletch, 2010). Pulses have the added benefit 
of providing lysine, a limiting amino acid in cereals. In developing countries, pulses greatly 
contribute to energy intake, second only to cereals (Juliano, 1999; Siddiq & Uebersax, 2012). Their 
demand is on the increase all over the world due to their high fibre content, low glycemic index 
and low calorie content (Asif et al., 2013). Pulses also exhibit important characteristics such as 
water holding, foaming and fat binding, all of which are required for pulse-based food products 
(Boye et al., 2010). The chemical composition of pulses, including minerals and phytate, varies 
based on climatic conditions, the nutrient content and pH of soil, location and genotype (Bueckert, 
Thavarajah, Thavarajah, & Pritchard, 2011; Ray et al., 2014; Reddy, 2002; Ribeiro et al., 2012). 
 
2.4.4 Factors Limiting Pulse Consumption 
Pulse consumption has been limited because they are hard to cook and take many hours to 
prepare (Huma et al., 2008; Wang & Daun, 2005). In Ethiopia, it is common practice to store pulses 
on farms before they are sold or consumed (Rashid et al., 2010). However, storage conditions are 
often poor. Long storage times and high temperatures can reduce water absorption capacity and 
exacerbate the hard-to-cook phenomenon (Laurent, Ousman, Dzudie, Mbofung, & Emmanuel, 
2010; Reyes-Moreno, Okamura-Esparza, Armienta-Rodelo, Gomez-Garza, & Milan-Carrillo, 
2000).  
Pulses are deficient in sulphur-containing amino acids, methionine and cysteine (Asif et al., 
2013). They also contain high amounts of anti-nutrients, which hinder their nutritional and health 
benefits. Anti-nutrients with a significance presence in pulses include proteinase inhibitors, e.g., 




polyphenols and phytate (de Almeida Costa et al., 2006; El-Adawy, 2002; Sandberg, 2002; Wang, 
Hatcher, Tyler, Toews, & Gawalko, 2010). Since most of the anti-nutrients affecting protein 
digestibility are heat sensitive, cooking alone has been found to improve protein digestibility in 
pulse-based diets (Nergiz & Gökgöz, 2007; Tharanathan & Mahadevamma, 2003). On the other 
hand, phytate, tannin and polyphenols present in pulses can withstand heat and thus are categorized 
as heat-stable anti-nutrients. When it comes to mineral bioavailability, these three anti-nutrients 
are of great concern because they form complexes with minerals, rendering them less available or 
unavailable for absorption.  
 
2.5 Bioavailability of Nutrients  
Bioavailability was first recognized as a result of animal studies that found not all consumed 
nutrients are used (Hurrell, 2002). The term “bioavailability” has been used extensively in nutrition 
(e.g., Benito & Miller, 1998; Berhanu, Mesfin, Kebebu, Whiting, & Henry, 2014; Gibson, 2007; 
Gibson, Perlas, & Hotz, 2006; Hotz & Gibson, 2007; Hurrell, 2002; Hurrell & Egli, 2010; Prakash 
& Jamuna, 2014; Sandberg, 2002; Sharp, 2005; Tako, Vandenberg, Thavarajah, Thavarajah, & 
Glahn, 2011; Campen & Glahn, 1999). However, Etcheverry, Grusak and Fleige (2012) argue that 
bioaccessibility is a better term since bioavailability cannot be measured entirely by in vitro 
methods. On the other hand, these authors note that Caco-2 cell intestinal absorption models, 
described below in section 2.6.2, can measure bioavailability. There is no universally accepted 






 “The amount of nutrient that is available for absorption in a form that is physiologically 
useful” (Campen & Glahn, 1999, p. 94)  
 “Proportion of the total amount of a mineral element present in a nutrient medium that is 
potentially absorbable in a metabolically active form”(House, 1999, p. 116) 
  “The proportion of dietary nutrient that is absorbed and utilized through normal metabolic 
pathways” (Hurrell, 2002, p. 5)  
 “Proportion of a given nutrient in a given food or diet which the body can actually utilize” 
(Benito & Miller, 1998, p. 586) 
 “Measure of proportion of an ingested nutrient that is utilized for normal body 
functions”(Fairweather-Tait et al., 2005, p. 158) 
  “Fraction of absorbed and utilized micronutrients (utilization includes storage and 
absorbed micronutrients) (Davidsson & Haskell, 2011, p. S24) 
 
The first two definitions provided above by Campen and  Glahn (1999) and House (1999) 
do not consider the physiological factors that can impact the absorption of minerals, making these 
definitions closer to that of bioaccessibility. According to Etcheverry et al. (2012), bioaccessibility 
refers to “the amount of ingested nutrient that is potentially available for absorption,” and that this 
depends “only on digestion and release from the food matrix” (p.1). The remaining bioavailability 
definitions acknowledge that absorption can be affected by host factors.  
As the above definitions suggest, a chain of events occurs following the ingestion of food, 
including the release of the nutrient from the food matrix, transport into intestinal cells, efflux 
across the basolateral membrane of intestinal cells, retention or excretion in urine and feces and 




chain of events, bioavailability is critical for iron and zinc (Davidsson & Haskell, 2011). These 
factors are not totally related to the food that we consume and thus can be broadly classified as 
diet- and host-related factors (Hunt, 2010). Host-related or physiological factors include gastric 
acidity, intestinal secretions, levels of nutrients in tissues and body stores, the body’s demand in 
different physiological states and life stages, such as infancy, pregnancy and lactation and gut 
microflora (Gibson, 2007). In addition to the importance of bioavailability in the etiology of 
micronutrient deficiency, poor environmental conditions under which the plants are grown also 
play a large role in the process. For example, the amount of micronutrients, such as zinc, selenium 
and iodine in plants, depends on the soil content (Cakmak, 2009). 
Although host-related factors can impact nutrient absorption, the proportion of nutrients 
potentially available for uptake is related mainly to dietary composition (Fairweather-Tait, Phillips, 
Wortley, Harvey, & Glahn, 2007). Diet-related factors include the physiochemical form of the 
nutrient, food matrix, presence of enhancers and inhibitors of absorption, food processing and 
interaction among nutrients and other compounds found in the food (Gibson et al., 2006). 
Enhancers of iron include ascorbic acid and meat. Since the constituent of meat that enhances iron 
absorption is unknown, it is referred to as the “meat factor.” Before promoting a particular food to 
tackle malnutrition, bioavailability should be assessed to determine how much of the nutrient is 
going to be used by the body. The conceptual framework in Figure 2-1 describes the types of 




Figure 2-1. Nutrition research required for developing food based interventions.  
From harvest to health: Challenges for developing biofortified staple foods and determining their impact on 
micronutrient status by Hotz & McClafferty, 2007, reprinted with permission (See Appendix 1 for copyright). 
 
2.5.1 Phytate  
Phytate (myo-inositol hexakisphosphate, IP-6) was initially recognized in 1855 (Oatway, 
Vasanthan, & Helm, 2001). The chemical formula is C6H18O24P6. Myo-inositol phosphate refers 
to an inositol ring with at least one phosphate group and ‘myo’ indicates the conformation of the 
attached hydroxyl group (Bohn, Meyer, & Rasmussen, 2008). Phytate is the salt form, whereas the 
acid form is termed phytic acid. Calcium or magnesium salt forms are specifically referred to as 
phytin (Ali, Shuja, Zahoor, & Qadri, 2010). 
Phytate, the main storage unit for phosphate, minerals and inositol, is essential for seed 
germination and plant growth (Raboy, 2003). Phytate starts to develop after flowering and 
accumulates until the seed reaches maturity (Bohn et al., 2008; Gupta, Gangoliya, & Singh, 2013). 
Phytate accounts for 60 to 80% of the phosphorus content of cereals, legumes and oil-seeds. 




accumulates differs based on species. However, it is known that the biosynthesis of phytate starts 
with the conversion of D-glucose-6-P to Ins(3)P1, which is further processed to form different 
inositol phosphates (Loewus & Murthy, 2000). Phytate is mostly stored in the cotyledon of pulses 
and in the aleurone layer of cereals, with the exception of maize, where it is stored in the germ 
(Bohn et al., 2008). Phytate concentrations in plants vary depending on the location, year of 
cultivation, genotype, wet or dry conditions (rain or drought), temperature and pathogens (Bohn et 
al., 2008; Bueckert et al., 2011).  
The negatively charged phosphate groups (Figure 2-2) in phytate give it the capacity to 
chelate minerals (calcium, magnesium, zinc, iron), leading to a phytate mineral complex (Bohn et 
al., 2008; Lopez et al., 2002). The complex formed between phytate and minerals has low solubility 
in the pH of the intestine (Persson, Turk, Nyman, & Sandberg, 1998). Since the minerals are bound 
to phytate and no longer in ionic form, carrier proteins located on the intestinal cell membrane 
cannot bind and transport them (Lopez et al., 2002). To be able to use the mineral bound with the 
phytate, the complex must be hydrolysed, but this process needs an acidic environment as opposed 
to the alkaline environment of the upper part of the small intestine. Moreover, the upper part of the 
intestine has a limited microbial population to contribute to the breakdown of phytate. 





Figure 2-2. Chemical structure of phytate.  
Dietary roles of phytate and phytase in human nutrition: A review by Kumar, Sinha, Makkar and Becker (2010), 




An earlier study reported that there is no intestinal adaptation associated with a high intake 
of phytate (Brune, Rossander, & Hallberg, 1989) or mechanism to absorb phytate. In a later study, 
Hunt et al. (2008) reported that humans could adapt to absorb more zinc in low-phytate low-zinc 
diet but not in high-phytate diets. However, a recent study carried out on non-heme iron absorption 
in young women with suboptimal iron store indicated that regular consumption of a high phytate 
diet may reduce the inhibitory effect of phytate (Armah, Boy, Chen, Candal, & Reddy, 2015). 
Partial adaptation of iron absorption also was noted in men consuming a low-bioavailability diet, 
however it is not clear if the adaptation is specific to inhibitors and enhancers of non-heme iron 
absorption (Hunt & Roughead, 2000). Despite some adaptation in iron absorption, the impact of 
phytate on mineral bioavailability is dose dependent (Hurrell & Egli, 2010); thus, reduction of 
phytate in food helps to increase bioavailability. Phytate also has a negative impact on the 
environment. Phytate excreted by animals during livestock production can result in the 
accumulation of phosphorus in the soil, which may contaminate surface water (Bohn et al., 2008). 
On the other hand, a systematic review of 28 studies reported the benefits of phytate in the 
prevention of cancer (Fox & Eberl, 2002). 
Different techniques have been used to extract and quantify phytate from plants, which 
include anion-exchange chromatography (AEC), High-Performance Liquid Chromatography 
(HPLC), precipitation and colorimetric procedures. Synchrotron X-ray and Nuclear Magnetic 
Resonance (NMR) have also been used in some cases (Thavarajah & Thavarajah, 2014). HPLC, 
AEC and NMR have better accuracy; however, they are expensive and require a trained operator 
and sophisticated instruments (Gao et al., 2007).  
Most analytical methods for measuring phytate are based on phytate’s ability to solubilize 
in an acidic medium and form a complex with iron. To quantify phytate, researchers analyze 




of ferric phytate from a known concentration of ferric salt. The original methods that involved 
precipitation and titration suffered from the inability to detect the exact endpoint of titration and 
from lack of specificity, as other chemicals may also precipitate (Young, 1936). Another method 
that involved the use of ion-exchange resin to avoid interference with inorganic phosphate was 
reported by Harland & Oberleas (1977). Since this method was time consuming, several attempts 
were undertaken to further modify it (Fruhbeck, Alonso, Marzo, & Santidrian, 1995; Latta & Eskin, 
1980). A simple and low cost modification of the method for measuring phytate was reported by 
Latta and Eskin (1980). Because phytate cannot absorb ultraviolet-visible light, they identified 
phytate by a colorimetric method using coloring reagents. Wade’s reagent, a combination of ferric 
chloride and sulfosalicylic acid, was used in their study. Latta and Eskin (1980) reported that since 
iron has more affinity to phytate than to sulfosalicylic acid, when the reagent is added to a digest 
containing phytate in an acidic medium, sulfosalicylic acid is replaced by the phytate, which leads 
to the formation of an insoluble complex. This process was found to reduce the pink colour of the 
reagent, with the intensity of this reduction depending on the amount of phytate present in the 
digest. The absorbance of the samples, along with that of standards and a blank measured using a 
spectrophotometer were then used to develop a standard curve for determining phytate 
concentration.  
The Latta and Eskin (1980) method was later modified by Vaintraub and Lapteva (1988). 
These modifications included changes in extraction time and centrifugation temperature and the 
addition of cleaning steps with NaCL (Vaintraub & Lapteva, 1988). Their modified method 
resulted in the underestimation of phytate (Gao et al., 2007). Further modifications were done on 
the method by Gao et al. (2007) and compared with AEC, HPLC and NMR. The results revealed 
good agreement between phytate measurements of 42 soybean samples carried out by the different 




without limitations. For example, phenolic compounds and organic acids can bind with iron, 
resulting in overestimation of results (Gao et al., 2007; Thavarajah & Thavarajah, 2014). 
Phytase, which is chemically known as myo-inositol (1,2,3,4,5,6) hexakisphosphate 
phosphohydrolases, could help to remove phosphate groups from the inositol ring of phytate and 
create inorganic orthophosphates and intermediate myo-inositol phosphates (IP-5, IP-4, IP-3, IP-2 
and IP-1). To increase iron absorption, phytate (Ip-6) needs to be degraded to inositol phosphates 
lower than IP-3 (Sandberg et al., 1999). As the number of phosphate groups on myo-inositol 
decreases, so does the stability and solubility of the myo-inositol phosphate-mineral complex, 
which improves bioavailability (Greiner & Konietzny, 2006). Phytase can be obtained from four 
different sources: plants, microbes, small intestinal mucosa and gut microbial flora (Kumar et al., 
2010). However, phytase activity in most plants in the dry or dormant stage is negligible. In 
addition, phytase is not significantly present in the human gut (Iqbal, Lewis, & Cooper, 1994). 
 
2.5.2 Polyphenols 
Plant polyphenols are a wide range of secondary metabolites (Robards, 2003) ubiquitously 
present in varying amounts in plant foods such as cereals, legumes, vegetables, fruits, tea, coffee 
and wine. Plant phenols include simple phenols, coumarins, flavonoids, phenolic acids, stilbenes 
and tannins (Naczk & Shahidi, 2004). Tannins are further subdivided into hydrolyzable tannins 
and condensed tannins (proanthocyanidins). The word tannin is developed from the definition of 
tanning, which is the process of converting animal hides and skin to leather with the application of 
plant extracts (Salunkhe & Chavan, 1989). Tannins are water-soluble, high molecular weight 
phenolic compounds with the ability to form insoluble complexes with certain proteins, making 
them less available or unavailable for digestion (Champ, 2002; Gilani, Wu Xiao, & Cockell, 2012). 




with carbohydrate and protein (Bravo, 1998). Most polyphenols are capable of binding iron and 
rendering it less bioavailable (Sandberg, 2002) as shown in Figure 2-3. Gilani and colleagues 
(2012) reported that different types of bean contain large amounts of tannin (up to 72 g/kg).  Despite 
their anti-nutritive impacts, polyphenols are useful for plants as they have a role in defending them 
against pathogens and pests (War et al, 2012). 
                     
Figure 2-3. Expected iron–polyphenol complexes (Gallols, R=OH; Catechols, R=H).   
A review of the antioxidant mechanisms of polyphenol compounds related to iron binding by Perron and Brumaghim 
(2009), reprinted with permission (See Appendix 1 for copyright) 
 
There is no standardized procedure for the analysis of phenols; some methods detect 
specific phenolic groups, whereas others detect the total content of phenols (Salunkhe & Chavan, 
1989). Different techniques, including gas chromatography, HPLC and spectrophotometry, have 
been used to quantify phenols (Naczk & Shahidi, 2004). Vanillin-HCl and Folin-Ciocalteu are 
common methods used to determine the tannin and total polyphenol contents of foods, respectively. 
They are most commonly extracted in organic solvents such as methanol, ethanol, acetone, or ethyl 
acetate. The blue colour formed in the Folin-Ciocalteu method is measured spectrophotometrically 
and is expressed in molar equivalents of the most commonly used standards, gallic acid, or 
quercetin (Robards, 2003). The Folin-Ciocalteu method is not specific and thus detects total 
phenols. One of the limitations of this method is the interference of reducing agents (Naczk & 
Shahidi, 2004; Robards, 2003). The vanillin-HCL method is specific to condensed tannins with 




tannin. The hydroxyl group of tannin is substituted with aldehyde (vanillin), yielding a red color. 
The hydroxyl group is the electron donor and enhances the substitution reaction (Salunkhe & 
Chavan, 1989). The method is simple, specific and sensitive (Naczk & Shahidi, 2004).   
 
2.5.3 Calcium  
Pulses contain higher amounts of calcium than do cereals, roots and tubers (Frossard, 
Bucher, Mächler, Mozafar, & Hurrell, 2000). Calcium is not only affected by the anti-nutrients in 
plants that reduce zinc and iron bioavailability but also contributes to their bioavailability. It was 
initially thought that calcium has a synergistic effect on zinc bioavailability; in other words, it has 
the potential to bind with the already formed phytate zinc complex in the presence of high phytate 
and further reduce zinc bioavailability (Morris & Ellis, 1980; Zemel & Shelef, 1982). For this 
reason, the molar ratio of phytate*calcium:zinc was proposed to predict zinc bioavailability 
(Bindra, Gibson, & Thompson, 1986). It was later reported that phytate*calcium:zinc is a better 
predictor of zinc in similarly processed foods but not when the food processing alters the interaction 
of zinc with phytate and other food components (Fordyce, Forbes, Robbins, & Erdman, 1987). 
However, Lönnerdal (2000) reported a contradictory result, finding that adding higher calcium 
levels to a soy-based infant formula increased zinc absorption. Lönnerdal  (2000) also stated that a 
phytate-to-zinc (phytate:zinc) molar ratio may have better predictive ability than 
phytate*calcium:zinc in estimating zinc bioavailability from the diet. In a randomized control trial 
of healthy women who consumed high and low phytate diets, either fortified with moderate or high 
calcium levels, Hunt and Beiseigel (2009) demonstrated that dietary phytate reduces zinc 
absorption but calcium has no effect on zinc absorption. The issue of calcium remains complex. 
Although some studies used the phytate*calcium:zinc molar ratio to predict zinc bioavailability 




no consensus exists on the critical phytate*calcium:zinc molar ratio, thus, the ratio is not widely 
used.  
Even though the mechanism on how calcium impacts iron bioavailability is not yet fully 
clear, the effect of calcium on iron bioavailability has been reported. Initially, calcium was thought 
have an inhibitory effect on iron absorption at the apical membrane of the enterocytes, but later 
calcium was reported to have an effect at both apical and basolateral membranes. The proposed 
mechanisms of inhibition include competitive inhibition (Etcheverry, Wallingford, Miller, & 
Glahn, 2005), a decrease in DMT-1 (Thompson, Sharp, Elliott, & Fairweather-Tait, 2010) and 
interference with gastrointestinal transit time (Hallberg, Brune, Erlandsson, Sandberg, & 
Rossander-Hulten, 1991). There are contradictory reports on the effect of calcium on Caco-2 cell 
ferritin formation, a measure of iron bioavailability. A recent study reported that ferritin formation 
in Caco-2 cells was significantly decreased due to calcium, which altered the cellular localization 
of DMT-1 down regulating iron transport into the cell (Thompson et al., 2010). On the other hand, 
an earlier study observed that the addition of different calcium salts did not affect ferritin levels 
(Etcheverry et al., 2005). It should be noted that most of the studies showing the effect of calcium 
on iron bioavailability are single-meal studies, which may have exaggerated its impact (Grinder-
Pedersen, Bukhave, Jensen, Højgaard, & Hansen, 2004).   
 
2.6 Techniques to Assess Iron and Zinc Bioavailability  
Different methods have been designed to determine the bioavailability of nutrients. These 
methods include using algorithms and conducting in vitro and in vivo studies. The latter involves 
preparing a meal labelled with either a radioisotope or staple isotope nutrient provided to study 




isotopic methods, such as chemical balance, changes in hemoglobin, serum ferritin and zinc, have 
also been used to assess bioavailability in human studies. In vivo studies are expensive and ethical 
issues are of great concern. Animal models such as rat pups have been used to determine zinc 
bioavailability because they have lower levels of phytase than adult rats; however, their immature 
gut limits their full use (Hotz, 2005). To assess iron bioavailability, rat models are not as useful as 
they are for zinc bioavailability since rodents can synthesise ascorbic acid, unlike humans. In vitro 
methods, including solubility, dialyzability gastrointestinal models and Caco-2 cells, are the most 
popular methods used to assess iron and zinc bioavailability. Assessing the solubility of iron at a 
pH simulating gastrointestinal digestion can be unreliable because it does not replicate all the 
physiological conditions of the intestine and results have not been well correlated with human 
studies (Pynaert et al., 2006). Dialyzability, a measure of dialyzable mineral, is a better predictor 
of bioavailability than solubility. However, it has low reproducibility and does not measure uptake 
(Fairweather-Tait et al., 2005, 2007). Algorithms and Caco-2 cell methods are discussed in the 
sections below. 
 
2.6.1 Algorithms and Ratios to Estimate Bioavailability  
To provide information about bioavailability, researchers have developed different 
algorithms (Hallberg & Hulthén, 2000; Hunt, 2010) based on the amounts of inhibitors and 
enhancers and the form and amount of iron and zinc present in food. Bioavailable zinc and iron 
from the diet can be estimated from the phytate:zinc molar ratio and phytate-to-iron (phytate:iron) 
molar ratio, respectively. The phytate:zinc molar ratio can be calculated by dividing the molar 
concentration of phytate (molecular weight, 660) by the molar concentration of zinc (molecular 
weight, 65.4). The phytate:iron molar ratio can be calculated in the same way, using 55.85 as the 




below 1:1; if possible, a reduction to below 0.4:1 is most desirable (Hurrell, 2004). Pulses, cereals 
and nuts have the highest phytate:zinc molar ratios, ranging from 22 to 88, whereas other plant 
foods have phytate:zinc molar ratios in the range of 0 to 42 (IZiNCG, 2004). One study based on 
modeling of data from stable-isotope studies reported that dietary phytate may not have significant 
effect in children as opposed to adults; thus, the use of phytate:zinc molar ratio for children might 
be limited (Miller, Hambidge, & Krebs, 2015). Umeta and colleagues (2005) reported that the 
phytate:zinc molar ratios of most commonly consumed dishes in Ethiopia were >20 for non-
fermented cereal foods, >15 for legumes and >12 for fermented cereals, starchy tubers and roots. 
Their results show that most foods do not meet daily requirements, as a phytate:zinc molar ratio of 
>15 is indicative of poor bioavailability of zinc (Hotz & Brown, 2004). The phytate:iron and 
phytate:zinc molar ratios of selected commonly consumed dishes in Ethiopia are presented in Table 






















Source of data:Umeta, West, & Fufa (2005) 
Figure 2-4. Phytate:Zn molar ratio of commonly consumed foods in Ethiopia.  
Source of data:Umeta, West, & Fufa (2005) 
 
 
2.6.2 Caco-2 Cell Intestinal Absorption Model Coupled with in Vitro Digestion 
Caco-2 cell is the short name for polarized, human colon carcinoma cell lines. Although 
these cells originate as colon cells, they differentiate into polarized, monolayer cells that exhibit 
Type of dishes  
 
Phytate:iron molar ratio 
 
Tef injera, unfermented 1.1 
 


















Ground chickpea stew 2.5 
 
Split kidney bean stew 4.9 
 
Split lentil stew 3.5 
 
Whole kidney bean stew 10.6 
 








features of intestinal cells when they are cultured. The Caco-2 cell model is a cost-effective, rapid 
and useful tool for determining iron bioavailability (Glahn, Wortley, South, & Miller, 2002). 
Dietary factors known to affect iron absorption in human studies have shown similar effects 
on iron uptake in studies that used Caco-2 cells (Follett, Suzuki, & Lönnerdal, 2002; Glahn et al., 
2002; Kalgaonkar & Lönnerdal, 2008; Yun, Habicht, Miller, & Glahn, 2004). Yun and colleagues 
(2004) reported that the absorption ratio increased with an increase in ascorbic acid, whereas it 
decreased with tannin. The inhibitory effect of phytate on iron absorption also was demonstrated 
using Caco-2 cells (Glahn et al., 2002). Heme absorption in Caco-2 cells have been found to 
correlate with findings from human studies (Follett et al., 2002). In addition, the fact that Caco-2 
cells originate in humans give this method an advantage over rodent models, since, unlike humans, 
rodents can produce ascorbic acid (Sharp, 2005). Caco-2 cells also exhibit a similar uptake 
mechanism as human enterocytes; prior to absorption, iron should be reduced to the ferrous form 
in both cases (Han, Failla, Hill, Morris, & Smith, 1995).  
Iron bioavailability of lentil measured using Caco-2 cells showed similar results in an in 
vivo study (Tako et al., 2011). In this model, the prepared food was subjected to in vitro peptic and 
intestinal digestion and the digest was added to the cells, as shown in Figure 2-5. The amount of 
ferritin formed in the Caco-2 cells exposed to the food digest was then used as a surrogate for iron 
bioavailability. The enzymes to be used for digestion need be treated using Chelex 100 and a cell 
culture medium with ≤8 µg iron per litre should be used so that the level of contaminant iron and 
zinc can be minimized (Glahn, Lee, Yeung, Goldman, & Miller, 1998). Since transepithelial 
resistance and the efficiency of iron uptake can be influenced by passage numbers, it is advisable 
to use Caco-2 cells at passage 30-40 and 10-14 days post-confluence as the cells become mature 
and iron transport molecules reach their maximum level (Fairweather-Tait et al., 2007; Sandberg, 




determine the effect of an individual’s physiological status (Sharp, 2005). It is important to consider 
that large molecular weight iron complexes like ferritin could be prevented by the dialysis 
membrane from reaching the cells (Fairweather-Tait et al., 2007). Poor agreement of results in 
different laboratories has been reported (Sandberg, 2010). To help compare the results of different 
laboratories, researchers have recommended expressing ferritin in ng/mg cell protein and using 
ferrous sulphate during the experiment (Fairweather-Tait et al., 2007).  
 
 
Figure 2-5. Caco-2 cell coupled with in vitro digestion to measure iron bioavailability. 
Caco-2 Cell Ferritin Formation Predicts Nonradiolabeled Food Iron Availability in an In Vitro Digestion/Caco-2 Cell 
Culture Model by Glahn et al., 1998, reprinted with permission (See Appendix 1 for copyright). 
 
2.7 Interventions to Alleviate Iron and Zinc Deficiency 
Among the recommended strategies to alleviate nutrient deficiencies are supplementation, 
fortification, biofortification and dietary diversification and modification. As each of these 




Supplementation, fortification and dietary diversification are considered to be short-term, mid-term 
and long-term approaches, respectively. Biofortification, a strategy aimed at improving the 
micronutrient content of staple crops through plant breeding or the use of micronutrient-containing 
fertilizers, has gained attention in recent years (Bouis, Graham, & Welch, 2000). The next section 
discusses each of the four strategies.  
 
2.7.1 Supplementation 
Supplementation is the provision of pharmaceutically prepared vitamins and minerals in 
the form of capsules, tablets, or injections administered to specific target groups in a community. 
It has an advantage in that the supplements are readily available, but cost, accessibility and 
delivering them to the most vulnerable groups are difficult most of the time. Iron and folic acid 
supplementation is recommended for all pregnant women as a strategy to prevent low birth weight, 
iron deficiency and maternal anaemia (World Health Organization, 2012). However, studies have 
indicated that compliance with iron supplementation is generally low (Habib et al., 2009; Haidar 
et al., 2003; Haidar & Pobocik, 2009). The 2011 EDHS report showed that only 17% of Ethiopian 
women took iron supplements during their last pregnancy (Central Statistical Agency [Ethiopia] 
and ICF International, 2012). A recent study in Ethiopia indicated that only 15% of pregnant 
women fully complied with iron supplementation orders in the four weeks preceding the survey 
(Gebremedhin et al., 2011). Although zinc supplementation is recommended for children with 
diarrhea, only a few children have access to supplementation (Walker, Young, Black, Fontaine, & 






According to the United Nations Codex Alimentarius Commission (1987), food 
fortification refers to “the addition of one or more essential nutrients to a food, whether or not it is 
normally contained in the food, for the purpose of preventing or correcting a demonstrated 
deficiency of one or more nutrients in the population or specific population groups” (p. 2). Unlike 
supplementation, this method does not add a burden on women or caregivers and clinical trials 
have indicated its efficacy; however, food fortification may not benefit communities that depend 
on unprocessed local production. Among the factors that determine the effectiveness of 
fortification are the presence of inhibitory factors and the selection of the proper fortificant in 
particular situations. There is an initiative to fortify flour and oil in Ethiopia, although it has not 
yet been implemented (Federal Ministry of Health, 2011).  
 
2.7.3 Biofortification 
Biofortification is the development of plant varieties rich in vitamin and mineral content. 
Proven agricultural strategies improve the nutrient contents of plants, including fertilizers, plant 
breeding and genetic engineering (Welch & Graham, 2004). Progress has been made in breeding 
for better micronutrient levels. For example, iron-biofortified bean and pearl millet, zinc-
biofortified rice and wheat, vitamin A-biofortified cassava, maize and orange sweet potato are 
currently available.  
With regards to iron and zinc biofortification, the focus is on high mineral concentration, 
low anti-nutrient concentration, or a combination of both. A nine-month feeding trial of biofortified 
rice increased serum ferritin in Philippines (Haas et al., 2005). Another feeding trial conducted 
over 128 days using iron-biofortified bean improved the iron status of Rwandan women (Haas et 




bean varieties, measured using a stable isotope technique, had low bioavailability (Petry et al., 
2012). This result was explained by the presence of high amounts of phytate and polyphenols (Petry 
et al., 2014), which need to be addressed for the biofortification to be successful. Breeding low 
phytate and low polypehnol plants is suggested as an option to improve iron bioavailability; 
however, yield and long-term health impacts of low phytate and low polyphenol plants need to be 
considered. Research is needed on the safety of iron-fortified crops, particularly in countries with 
high rates of infectious disease such as malaria. According to the literature, the next challenges in 
biofortification are demonstrating its effectiveness and scaling up (Ruel & Alderman, 2013).  
 
2.7.4 Dietary Diversification 
Dietary diversification is considered to be a long-term strategy in which individuals access 
and utilize different food items to meet their daily nutrient requirements. A diversified diet with 
enhancers of absorption and rich sources of nutrients like animal source foods is the best strategy 
to alleviate nutrient deficiencies. Food-based strategies are generally more acceptable and 
sustainable than supplementation, fortification and biofortification. However, when designing 
effective food-based approaches to alleviate micronutrient deficiencies, individuals need to 
understand the nutrient and anti-nutrient contents of food, preferences and beliefs, as well as cope 
with the resulting workload from paying attention to such details (Gibson, 2011). Not all 
households have the ability or purchasing power to ensure their members consume diversified diets. 
As well, for most households, improving bioavailability through food-based and food processing 
strategies requires behavioural change. Once new dietary patterns are established, however, they 
are not necessarily difficult to maintain and these patterns can become more sustainable as they are 





2.7.5 Household-level Food Processing Strategies and Consumer Acceptance  
In Ethiopia, pulses are prepared and consumed in various forms. The most common cooking 
methods for bean and chickpea are boiling and roasting (Berhanu et al., 2014; Kabata et al., 2016). 
The type of cooking method employed to prepare pulses could change the nutrient composition of 
the cooked pulse-based food products compared to raw pulses; however, some nutrients could be 
retained better than others (Pujolà, Farreras, & Casañas, 2007). Among the common household-
level food processing strategies employed to improve mineral bioavailability are soaking, malting, 
fermentation, germination, dehulling and milling. These processing techniques can play a major 
role in the hydrolysis of phytate, either through activation of phytase, naturally present in plants 
and microorganisms, through synthesis of phytase, through diffusion of phytate, or a combination 
of these.  
Dehulling and milling has been found to be helpful in reducing phytate in monocotyledon 
seeds such as cereals in which the phytate is located in the outer layer of the endosperm (aleurone). 
Although dehulling and milling can help reduce polyphenols in legumes, they cannot help reduce 
phytate as it is located within the cotyledon. Another disadvantage of milling is that it may remove 
some amounts of minerals and fibre (Bohn et al., 2008; Gupta et al., 2013). Reducing the amount 
of phytate has the potential to increase iron absorption 2- to 12-fold depending on the level of 
reduction (Hurrell, 2003, 2004).  
Processing methods such as soaking, germination and fermentation may not result in 
complete dephosphorylation of phytate (Kumar et al., 2010); however, a large percentage (73% to 
90%) of phytate reduction has been reported in germinated chickpea and bean (Khalil et al., 2007; 
Shimelis & Rakshit, 2007). Additional improvements reported due to soaking, germinating and 
fermenting pulses include reduced cooking time (Ghavidel & Prakash, 2007; Khalil et al., 2007), 




production of ascorbic acid (Masood, Shah, & Zeb, 2014). Consumers will benefit from 
improvements obtained by soaking, germinating and fermenting pulses if they are willing to carry 
out these methods. Thus, it is important to conduct sensory evaluation to determine acceptance and 
sensory characteristics of the products developed by applying such strategies.  
 
2.7.5.1 Consumer Acceptance  
Sensory evaluation is defined as “a scientific discipline used to evoke, measure, analyze 
and interpret reactions to those characteristics of foods and materials as they are perceived by the 
senses of sight, smell, taste, touch and hearing” (Anonymous, 1975, as cited in Stone & Sidel, 
2004, p. 15). Sensory evaluation is an invaluable tool used to understand if a food product will be 
used by end users. For example, if a local recipe is modified by soaking, germination, or 
fermentation of the ingredients, sensory evaluation could be carried out to determine if the modified 
recipe is still acceptable.  
Different sensory evaluation techniques can be conducted using humans as a measuring 
instrument and relying on their sensory perception. These techniques are generally classified into 
three major groups: discrimination or difference, descriptive and affective (Lawless & Hildegarde, 
2010). A discrimination or difference test can be an overall difference test or an attribute difference 
test. In an overall difference test, panellists are asked to detect if there is any difference between 
food samples, whereas in an attribute difference test, panellists are asked to measure a difference 
between food samples by concentrating on a single attribute such as sweetness. A number of 
discrimination tests exist, including triangle, duo-trio, two-out-of-five, paired comparison and 
ranking test (Larmond et al, 1999). A descriptive test involves the detection and description of the 
perceived sensory characteristics of a product. Panellists are requested to evaluate food samples 




expensive form of sensory evaluation because of the need to train panellists over long periods of 
time. An affective test is the preferred technique when the objective is to determine how well a 
product is liked by end users (Meilgaard et al., 2006). Affective tests can be further categorized 
into preference and acceptance tests. In a preference test, the main objective is to understand which 
one of the samples is preferred by the target consumer. The preference test is usually presented as 
a choice question. It could be a paired preference where the respondent is requested to choose one 
sample over another, or a rank preference where respondents are required to rank the samples in 
their relative order of preference. The other form of an affective test is an acceptance test, which 
helps to determine if the product is acceptable to consumers or how well a product is liked.  
The findings from affective tests are useful in product development because they have end 
users choose between different products using different scales. A hedonic scale can be used to 
determine the degree of acceptability. A 9-point hedonic scale (from 1=dislike extremely, 
5=neither like nor dislike, to 9=like extremely) is most common; however, modifications are 
carried out depending on the context (Berhanu et al., 2014; Kebebu et al., 2013). Tests may be 
conducted in a central location or in consumers’ homes. The former is useful for testing a large 
number of products and is easier to monitor. Home testing is advantageous for testing products 
under natural conditions of use, but it is time consuming since it requires repeated testing of the 
product under daily use conditions, which also increases non-response rates (Meilgaard et al., 
2006). 
Panels can be grouped into highly trained experts, trained laboratory panels, laboratory 
acceptance panels and consumer panels (Larmond et al., 1991). Laboratory acceptance panels can 
be used to screen products to be tasted by consumers and minimize sensory fatigue that may lead 
to bias. Common attributes of food tested in sensory evaluation are appearance, odour, texture, 




Sensory measurements can be biased by different factors: expectation error, stimulus error, 
position bias, suggestion effect and identification bias. Expectation error occurs when the panellists 
have prior information about the test or when individuals with direct involvement in the study are 
used as panellists. Stimulus error occurs when the food tested differs in size and or has irrelevant 
characteristics, which may influence the testers. Position bias occurs when panellists assign ratings 
based on the order in which the products are presented. This problem can be addressed through 
random presentation of the products and the use of random number tables. Suggestion effect can 
occur if one panellist influences another. To avoid this problem, researchers should ensure privacy. 
Identification bias can occur if the panelists can identify the product. This problem can be addressed 
by coding, such as blinding the product by labelling it with three digit numerical codes.  
Sensory studies have been used to determine the effects of food processing on sensory 
attributes and to understand the acceptance of products. Sensory evaluation of germinated and 
control chickpea samples measured using a 9-point hedonic scale revealed that sprouting has a 
significant effect on appearance, with the highest appearance score noted during a short duration 
(24 h) of germination (Khalil et al., 2007). The same study reported that taste was significantly 
affected by germination time; however, there was no significant effect on texture and odor. A study 
carried out to determine the effect of adding germinated pulses to rice pudding, measured by 11 
panelists using a 5-point hedonic scale, showed that the addition of germinated pulses either was 
not significantly different from the control, or, when the proportion of pulses was higher, was not 
acceptable (Sattar, Ali, & Hasnain, 2017). The acceptability of porridge prepared by adding 
germinated beans measured using a 5-point hedonic scale by 36 mother-child pairs showed no 
significant difference in sensory attributes compared to control porridges (Berhanu et al., 2014). 
Kinfe et al. (2015) reported moderate overall acceptability of boiled and roasted Habru and Local 







Chapter 3   
Impact of Household Food Processing Strategies on Anti-nutrient (Phytate, 
Tannin and Polyphenol) Contents of Dry Bean (Phaseolus vulgaris L.) and 
Chickpea (Cicer arietinum L.): A Review 
 
The first chapter presented the rationale for conducting the study and Chapter 2 provided a 
comprehensive review on the magnitude of the problem, the mechanism of iron and zinc absorption 
along with factors contributing to absorption and their techniques of measurement, as well as 
potential interventions. To further explore the impact of the intervention, household food 
processing strategies, a scoping review was carried out and provided in this chapter. The review 
focused mainly on determining the effect of household food processing strategies, namely soaking, 
germination and fermentation, on anti-nutrient contents of dry bean and chickpea.  
This review is published on International Journal of Food Science and Technology. In 
preparation of this chapter, the published manuscript has been reformatted for the thesis and a 
section on fermentation was added (See Appendix 1 for documentation of permission to use in this 
thesis). 
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Abstract   
Pulses, which include dry bean and chickpea, are major constituents of the human diet. 
They are important sources of energy and nutrients, particularly protein, folate and minerals. 
However, they also contain anti-nutrients which bind minerals, mainly iron and zinc, rendering 
them less bioavailable or unavailable for absorption. The levels of these anti-nutrients may be 
reduced by food processing techniques such as soaking and germination. Researchers have used 
these techniques in a number of studies; however, there is no consensus regarding the optimum 
processing conditions for reduction of these anti-nutrients. Thus, this review was conducted to 
describe the results of studies on soaking and germination of dry bean and chickpea. A systematic 
search was carried out utilizing Food Science and Technology Abstracts (FSTA) (1969 to present), 
Web of Science (1899 to present) and Scopus (1823 to present). A total of thirty-eight articles was 
reviewed. Both soaking and germination resulted in significant but variable degrees of reduction 
of levels of anti-nutrients in most studies.  
 
3.1 Introduction  
Pulses are an essential part of the human diet, among which common bean (Phaseolus 
vulgaris L.) and chickpea (Cicer arietinum L.) are the most commonly consumed (Al-Numair, 
Ahmed, Al-Assaf, & Alamri, 2009; Alajaji & El-Adawy, 2006; Xu & Chang, 2008). In developing 
countries, the contribution of pulses to energy intake is second only to that of cereals (Juliano, 
1999; Siddiq & Uebersax, 2012). The demand for pulses is on the increase worldwide due to their 
high fibre content, low glycaemic index and low calorie content (Asif et al., 2013). They also are 
good sources of protein, folate and minerals (Sandberg, 2002). Pulses contain 17-35% protein 
(Boye et al., 2010) with the added benefit of providing lysine, a limiting amino acid in cereals. In 
addition, pulses are relatively inexpensive compared to animal-source foods and serve as an 
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alternative source of nutrients for low income groups (Huma et al., 2008; Tharanathan & 
Mahadevamma, 2003).  
However, pulses contain significant levels of anti-nutritive factors which hinder their 
nutritional and health benefits. These anti-nutrients include trypsin and chymotrypsin inhibitors, 
oxalate, lectin, raffinose family oligosaccharides, saponins, phytate, tannin and polyphenols (de 
Almeida Costa et al., 2006; El-Adawy, 2002; Sandberg, 2002; Wang et al., 2010). Most of the anti-
nutrients that affect protein digestibility are heat sensitive, thus cooking alone improves protein 
digestibility in pulse-based diets (Nergiz & Gökgöz, 2007; Tharanathan & Mahadevamma, 2003). 
Phytate, tannin and polyphenols are heat stable anti-nutrients of greatest concern with respect to 
mineral bioavailability which refers to the proportion of a mineral that is absorbed and utilized 
through normal metabolic pathways (Hurrell, 2002). The aforementioned anti-nutrients form 
complexes with minerals, especially with divalent metals such as iron, zinc and calcium, rendering 
them less bioavailable or unavailable. Of the inositol phosphates (phytate), inositol phosphate 6 
(IP6) and inositol phosphate 5 (IP5) exert a higher chelating effect on minerals than do lower 
inositol phosphates. Petry et al. (2010) reported that both polyphenols and phytate inhibit iron 
absorption in women. Ironically, studies have reported the importance of phytate in the prevention 
of cancer (Vucenik & Shamsuddin, 2003, 2006) and the role of polyphenols in the prevention of 
cardiovascular diseases (Vita, 2005).  
Food processing strategies applicable at the household level have been found useful in the 
reduction of levels of anti-nutrients such as phytate, tannin and polyphenols (Hotz & Gibson, 
2007). Soaking and germination of seeds are among the most commonly implemented strategies. 
These strategies lead to diffusion of the water soluble anti-nutrients and hydrolysis of anti-nutrients 
due to activation or de novo synthesis of enzymes (Hotz and Gibson, 2007). A large body of 
evidence supports the benefits of these strategies. However, there is no consensus regarding the 
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duration and optimal conditions required for maximal reduction of anti-nutrients. This review 
focuses on the impact of soaking and germination on phytate, tannin and polyphenols levels of 
chickpea and bean. 
 
3.2 Literature Search Methodology  
A systematic literature search was conducted utilizing Food Science and Technology 
Abstracts (FSTA) (1969 to present), Web of Science (1899 to present) and Scopus (1823 to 
present). Only original articles written in the English language and that reported the effects of either 
soaking or germination of chickpea or bean on levels of phytate, tannin or polyphenols were 
considered. The search was carried out separately for bean and chickpea using terminologies 
presented in Table 3-1. Terms listed within each category such as “seeds”, “food process” and 
“anti-nutrients” were combined with “or”, whereas “and” was used to combine terms across 
categories. Regarding studies on soaking and germination of bean, 336 articles were found in 
FSTA, 713 in Web of Science and 514 in Scopus. A similar search was carried out for chickpea 
and a total of 204, 546 and 372 articles were found in FSTA, Web of Science and Scopus, 
respectively. For studies on bean fermentation, 95, 591, 335 articles were found in FSTA, Web of 
Science and Scopus, respectively. For studies on chickpea fermentation, 57, 528, 214 articles were 
found in FSTA, Web of Science and Scopus, respectively. Titles and abstracts were read to 
determine the articles that would be included in the review. Duplicate articles were deleted. 
Ultimately a total of thirty-three articles were reviewed. The review is organized by food 
processing strategy and pulse type. The methodology and materials used in the reviewed articles 
are described first, followed by a discussion of the impact of the experiments on phytates, tannins 
and/or polyphenols.  
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Table 3-1. List of synonymous terms used in literature searches. 
Seeds   Food process  Anti-nutrients 
 
Chickpea  Germination/germinate Anti-nutrient/antinutritional 
Cicer arietinum Sprout Tannin 
Bengal gram  Soak/soaking Phytate 
Garbanzo Ferment/fermentation Phytic acid  
Legume  Bioavailability  
Pulse  Bioaccessibility 
Bean/common bean  Polyphenols 
Haricot bean/kidney bean  Bioavailability  
Phaseolus vulgaris   Bioaccessibility 
Legume   
Pulse   
 
3.3 Soaking of Chickpea  
Soaking involves steeping seeds in water for a predetermined period of time. Twelve studies 
tested the impact of soaking on anti-nutrients in chickpea. The type of water, volume of water used 
and soaking temperature are summarized in Table 3-2. Researchers used weight to volume (w/v) 
ratios ranging from 1:3 to 1:10 for soaking. Most of the studies reported using distilled water as 
the soaking medium (Alajaji & El-Adawy, 2006; El-Adawy, 2002; El Tinay, Mahgoub, Mohamed, 
& Hamad, 1989; Rehman & Shah, 2005). Other soaking mediums used included tap water 
(Khandelwal et al., 2010), tap water with EDTA (Máñez, Alegría, Farré, & Frígola, 2002), water 
purified by reverse osmosis  (Egli, Davidsson, Juillerat, Barclay, & Hurrell, 2002) and soaking 
medium prepared using  0.01 N NaOH and 0.01 N HCL (Ertas & Turker, 2014), citric acid solution 
and sodium carbonate solution (Nestares et al., 1999). Egli et al. (2002) carried out the soaking 
experiments in the dark. The duration of soaking in the reviewed studies ranged from 2 to 24 h.  
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Table 3-2. Summary of conditions employed for soaking of chickpea. 
Source 
 





   
Bains et al., 2014 - - - 
Ertas and Turker, 2014 Soaking water prepared using  0.01 N 
NaOH and 0.01 N HCL 
1:5 - 
Wang et al., 2010  - 1:4  - 
Khandelwal et al., 2010 Tap water  1:5 Room 
temperature  
Alajaji & El-Adawy, 2006 Distilled water  1:10  25oC  
Rehman & Shah, 2005 Distilled water  1:5  - 
El-Adawy, 2002 Distilled water 1:10 25oC  
Egli et al., 2002 Water purified  
by reverse osmosis 
1:5 25oC 
Manez et al., 2002 Tap water and water with  (EDTA) (250 
mg/kg)* 
1:3.5 - 
Nestares et al., 1999 Distilled water, citric acid solution and 
sodium carbonate solution*  
1:3 Room 
temperature  
El Tinay et al., 1989 Distilled water  1:5 30oC ±2 
Khan et al., 1988 Water  -  
-, not reported; *, experiments were carried out separately for each medium  
 
3.3.1 Effect of Soaking with and without Cooking on the Anti-nutrient Contents of 
Chickpea 
All of the studies analysed phytate, whereas only five analysed tannin. Phytate reduction 
ranged from no significant effect to 59% (Table 3-3). The latter was reported in chickpea that were 
soaked in water and EDTA for 12 h, blanched and cooked under pressure (Manez et al, 2002). The 
shortest duration of soaking (2 h) combined with autoclave cooking resulted in a 47% reduction of 
phytate (Ertas & Turker, 2014). Nestares et al. (1999) carried out soaking for 9 h in water, acid or 
basic medium followed by boiling. A significant phytate reduction (20%) was found only in the 
acid-soaked and cooked seeds. Alajaji and El-Adawy (2006) used a 1:10 (w/v) seed to water ratio, 
whereas Rehman and Shah (2005) used 1:5 (w/v); reductions in phytate were 29% and 35%, 
respectively. Chickpea samples in the Egli et al. (2002) study were not cooked, which may have 
contributed to the lower reduction in phytate (14%) compared to other studies that used a similar 
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seed to water ratio. In addition, they considered only IP-6 and IP-5, whereas other studies used 
analytical techniques that did not differentiate among inositol phosphates. The smallest reduction 
(5%) was reported by Bains et al. (2014) in seed soaked for 12 h. Manez et al. (2002) analysed 
specific inositol phosphates; the reductions were not significant. Wang et al. (2010) found a 
significant effect of pulse variety on phytate content; however, they did not find a significant effect 
of cooking soaked chickpea. Reductions in tannins concentration due to soaking were highest in 
the studies by Alajaji and El-Adawy (2006) and El-Adawy (2002). Khandelwal et al. (2010) 
reported a 20% reduction in polyphenols as a result of 12 h of soaking.  
A variety of heat treatments have been applied after soaking of chickpea, including boiling, 
pressure cooking and microwave heating. Alajaji and El-Adawy (2006) reported a significant effect 
of soaking and cooking on phytate and tannin levels. However, there were no significant 
differences in phytate and tannin levels among different cooking treatments, which included 
pressure cooking, microwaving and boiling. Ertas and Turker (2014) reported greater phytate 
reduction in autoclaved chickpea with an increase in soaking time. Rehman and Shah (2005) 
reported that compared to ordinary boiling, cooking in an autoclave at 121°C or 128°C resulted in 
greater reductions in phytate and tannin levels. Manez et al. (2002) compared traditional, 
microwave and pressure cooking. Traditional cooking or boiling did not result in a significant 
reduction in phytate content. In a study that compared the effect of pressure cooking, soaking and 
germination, the greatest reduction in polyphenols and tannin content was reported for germination, 
followed by soaking and pressure cooking (Khandelwal et al., 2010).  
Not all of the studies determined the effect of soaking on levels of nutrients. However, 
Bains et al. (2014) and Wang et al. (2010) reported that zinc and iron were not significantly 
affected. Alajaji and El-Adawy (2006) and El-Adawy (2002) noted a significant reduction in 






















Gokce variety from Turkey 2 Autoclaved  (1:2, w/v)  47 - 
Rehman and 
Shah, 2005 
CP-98 variety from Pakistan 4  Boiled with water (1:5, w/v) 35 21 
  4 Autoclaved at 121°C for 10, 20, 
40, 60, and 90 min 
31-46 33–40 
  4 Autoclaved at 128°C for 20 min 44 37 
Ertas and 
Turker, 2014 
Gokce  variety from Turkey 8 Autoclaved  (1:2, w/v) 50 - 
Nestares et al., 
1999 
Lechosa variety from southern Spain 9 Not cooked NS - 
  9 Boiled with distilled water 
(1:6.67, w/v) for 35 min 
NS in S and 
SB 




Gokce  variety from Turkey 12 Autoclaved (1:2, w/v)  55 - 
Alajaji and El-
Adawy, 2006 
Local variety purchased from local market, 
Egypt 
12 Boiled in tap water (1:10, w/v) on 
a hot plate for 90 min 
29 48 
  12  Autoclaved at 121°C in tap water 
(1:10, w/v) for 35 min 
41 50 
  12  Cooked in microwave oven with a 
tap water (1:10, w/v), on high for 
15 min 
38 48 
Bains et al., 
2014 
PBG 1 variety purchased from Punjab 
Agricultural University, India 
12  Not cooked  5 - 
El-Adawy, 
2002  
Variety purchased from the local market, Shibin 
El-Kom City 
12  Boiled in tap water (1:10, w/v) on 








-, Not reported; NS, No significant effect; Soaked in distilled water (S), Soaked in citric acid (SA) and soaked in sodium carbonate solution (SB); ** Soaked in 
water with EDTA 
Manez et al., 
2002 
- 12  Blanched  at 90°C for 5 min and  
cooked under pressure at a 
temperature higher than 121°C 
for 




Pusa B-72, B-372, B-362, B-1103, and B-391 
varieties  from New Delhi 
12 Not cooked  - 22 
El Tinay  et 
al., 1989  
NEC 2527, NEC 2695, NEC 1031 B, Baladi, 
Rabat, 103 1 CP 5-1,8294-BG-203,249 1 N6C, 
L-550,2486 NEC, and 5250 CL-629 varieties 
from Shambat Research Station, Sudan. 
12 Not cooked 20 - 
  12 Boiled for 60 min  30 - 
Khan et al., 
1988 





Pusa B-72, B-372, B-362, B-1103, and B-391 
varieties obtained from the Indian Agricultural 
Research Institute, New Delhi 
 Boiled in water (1:5, w/v) at 15 lb 
psi at 121°C until soft 
- 35 
Egli et al., 
2002 
Seeds were purchased from  
Switzerland and local markets in Ivory Coast. 
16  Not cooked  14 - 
Manez et al., 
2002 
- 24  60 min traditional cooking  NS - 
 - 24 Cooked in the microwave oven 
for 25 min 
28 - 
Wang et al., 
2010 
Desi and Kabuli from Manitoba and 
Saskatchewan, Canada. 
24  Cooked in 700 mL distilled water 
in a 2-L metal beaker placed on a 






3.4 Soaking of Bean 
The processing conditions for fifteen studies that applied different periods of soaking to 
bean are presented in Table 3-4. The seed to water ratio used in the experiments ranged from 1:2 
to 1:10. Most of the experiments were carried out at room temperature using distilled water as the 
soaking medium (Chimmad, Naik, & Rao, 2005; El Tinay et al., 1989; Nergiz & Gökgöz, 2007; 
Piecyk, Wołosiak, Druzynska, & Worobiej, 2012; Rehman & Shah, 2005; Ribeiro et al., 2011; 
Wang et al., 2010). Other studies used deionized water (Alonso et al., 2000), tap water (Khattab & 
Arntfield, 2009; Xu & Chang, 2008), plain water and sodium carbonate (Shimelis & Rakshit, 2007) 
as soaking medium. The duration of soaking ranged from 4 to 48 h.  
 
Table 3-4. Summary of conditions employed for soaking of bean. 





Filipiak-Florkiewiz et al., 
2012 
Water 1:4 Room Temperature 
Piecyk et al., 2012 Distilled water  1:3 - 
Ribeiro et al., 2011 Sterile distilled water  - - 
Wang et al., 2010 Distilled water  1:4  Room temperature  
Khattab & Arntfield, 2009 Tap water 1:5 Room temperature 
Yasmin et al., 2008 Distilled water  1:5  Room temperature  
25-29°C 
Xu & Chang, 2008 Tap water  1:3  Room temperature 
Shimelis & Rakshit, 2007 Plain water and sodium 
carbonate  
1:3  - 
Nergiz & Gokgoz, 2007 Distilled water 1:5  Room temperature 
ElMaki et al., 2007 - 1:5  30°C ±2 
Rehman & Shah, 2005 Distilled water  1:5 Room temperature  
Chimmad et al., 2005 Distilled water  1:10 - 
Alonso et al., 2000 Double deionized water  1:5   - 
Greiner and Konietzny, 
1998 
Water  - 25°C 
El Tinay et al., 1989 Distilled water  1:5 30°C±2 




3.4.1 Effect of Soaking with and without Cooking on the Anti-nutrient Contents of Bean 
Results for soaking of bean are presented in Table 3-5. Khattab and Arntfield (2009) were 
able to reduce phytate levels by 58% with 4 h of soaking. In another study, 4 h of soaking resulted 
in a 24% reduction in phytate (Rehman & Shah, 2005). Shimelis and Rakshit (2007) used a seed 
to water ratio of 1:3 (w/v), a lower amount of soaking water than reported by other authors that 
analysed phytate, but reported a 61-65% reduction in phytate in three bean varieties. Yasmin et al. 
(2008) found no significant effect on phytate levels after 9h of soaking, but 82% and 61% 
reductions in the levels of tannin and polyphenols, respectively. Greiner and Konietzny (1998) also 
reported that soaking alone did not affect the level of phytate significantly. However, they did note 
a significant reduction after cooking. The greatest tannins reduction (99%) was reported by Khattab 
and Arntfield (2009) after 4 h of soaking. El Maki et al. (2007) found greater reductions in phytate 
and polyphenols with an increase in soaking time; however, a similar trend was not observed across 
the reviewed studies.  
Soaking, boiling after soaking, autoclaving and microwave cooking resulted in significant 
reductions in tannin content in bean, with the greatest reduction reported for soaked and boiled 
bean (Khattab & Arntfield, 2009). All treatments reduced phytate levels significantly; however, 
there was no significant difference between soaking alone and boiling after soaking. In contrast, 
El-Tinaya et al. (1989) reported a significant reduction in phytate content with soaking and 
cooking, but not with soaking alone. Rehman and Shah (2005) reported a significant reduction in 
both tannin and phytate levels with boiling and autoclaving. On the other hand, a significant 
reduction in the phytate content of bean was reported with cooking after soaking in citric acid 
solution, but not with soaking in water and sodium bicarbonate solution alone, or with cooking 
after soaking in water or sodium bicarbonate solution (Yasmin et al., 2008). Shimelis and Rakshit 




cooking of soaked and unsoaked bean. All treatments led to significant reductions in phytate and 
tannin content compared to raw bean, with the highest reductions observed with cooking after 
soaking and with autoclaving of unsoaked bean. 
 
3.5 Germination of Chickpea 
Germination is carried out by soaking the seed of interest in water, draining the water, and 
subsequently letting the seed sprout for a desired period of time. Emergence of radicles indicates 
the completion of germination (Hernandez-Nistal, Martin, Labrador, & Dopico, 2010). A range of 
techniques have been used for germination, including moist paper, cheese cloth, incubator, petri 
dish, seed germinator, wet jute bag covered with moist cotton or cloth and wet muslin cloth. The 
samples of the germinated chickpea in the reviewed studies are not cooked.  
 
3.5.1 Effect of Germination on the Anti-nutrient Contents of Chickpea 
Results from twelve studies that examined the effect of germination of chickpea on levels 
of phytate, tannin and polyphenols are summarized in Table 3-6 and Table 3-7. Among the studies 
that applied a shorter duration of germination (24-48 h), Agte et al. (1998) reported the highest 
reduction in phytate (47%) with a 24-h germination period. Conversely, Hemalatha et al. (2007) 
found no significant reduction in phytate with germination; this may have been due to the lower 
seed to water ratio (1:2.5, w/v). Among the studies that used a longer duration of germination, the 
maximum reduction of phytates (73%) was observed in kabuli-type chickpea germinated for 96 h.  
However, the same treatment resulted in only a 32% reduction of phytate in desi-type chickpea 
(Khalil et al., 2007). Bains et al. (2014) noted that the reduction in phytate increased with the 




remained steady during the first 24 h of germination, but increased thereafter. Forty eight hour 
germination resulted in 93 and 82% reduction in tannin and polyphenols, respectively (Mittal, Nagi, 
Sharma, & Sharma, 2012).  
 
3.6 Germination of Dry Bean  
The conditions used for germination of bean are provided in Table 3-8 and Table 3-9; it 
ranges from use of moist cotton cloth to incubator and germinators. The samples of the germinated 
bean in the reviewed studies are not cooked.  
 
3.6.1 Effect of Germination on the Anti-nutrient Contents of Dry Bean 
The effects of germination of bean on levels of phytate, tannin and polyphenols are 
summarized in Table 3-8 and Table 3-9. Among germination experiments that used a 48-h or 
shorter duration of germination, three varieties of bean germinated for 48h exhibited reduction in 
phytate of 62-87% and reduction in tannin of 74-80% (Shimelis and Rakshit, 2007). Only three of 
the studies that carried out short-duration germination experiments analysed polyphenols, and 
reductions of 27-52% were reported. Phytates and tannins reductions ranged from 30 to 96% and 
from 19 to 77%, respectively, in bean germinated for more than 48 h (Table 3-9). Alonso et al. 
(2000) noted that the longer the duration of germination, the greater was the reduction of phytate, 
tannin and polyphenol levels. The maximum phytates reduction (79-96%) was reported in bean 









Table 3-5. Effect of soaking alone or with cooking on the anti-nutrient contents of bean. 
Source 
 













Khattab  and 
Arntfield, 
2009 
Red kidney bean from Manitoba, 
Canada 
4 Cooked in a boiling water (1:5, w/v) 58  - 
   Cooked in microwave with a tap 
water (1:5, w/v) for 20 min on high  
40 49 - 
   Autoclaved 63  - 
Khattab  and 
Arntfield, 
2009 
White kidney bean cultivated in 
Egypt 
4 Cooked in a boiling water (1:5, w/v) 58 99  
   Cooked in microwave with a tap 
water (1:5, w/v) for 20 min on high  
54 92 - 
   Autoclaved 69 95  
Rehman  and  
Shah, 2005 
Red kidney bean (Chkwa199) and 
white kidney bean (WK-70) from 
Pakistan 
4 Cooked with water (1:5, w/v) 
 
24 24-27 - 
Yasmin et al., 
2008 
Red kidney bean from local market 
of Peshawar city 
9 Not cooked NS NS 13 
  9 Cooked in tap water (1:3, w/v) on a 
hot plate   
NS 82 61 
  9 Citric acid soaking  NS 63 45 
  9 Citric acid soaking and cooked in 
tap water (1:3, w/v) on a hot plate 
6 93 67 
  9 Sodium bicarbonate soaking alone NS 68 51 
  9 Sodium bicarbonate soaking and 
cooked in water (1:3, w/v) on a hot 
plate   
3* 90 79 
EL  Tinaya et 
al.,  1989 
White bean (R0/1/25, 9B, 8R, 
H.R.S.545, and Var Pi) from Sudan 
12 Not cooked  NS - - 
EL  Tinaya et 
al.,  1989 
White bean (R0/1/25, 9B, 8R, 
H.R.S.545, and Var Pi) from Sudan 






Alonso et al., 
2000 
Kidney bean (Athropurpurea) from 
Spain 
12 Not cooked  6 24 21 
Nergiz  and 
Gokgoz, 2007 
Bean (Dermason, Cali and Horoz) 
purchased from local market   
12 Cooked in a low setting in a stove 
for 40 min 
57-58 81- 82 73- 78 
Shimelis  and 
Rakshit, 2007 
Kidney bean (Awash, Roba and 
Beshbesh) from Ethiopia 
12 Soaking alone  17- 19 23-25 - 
  12 Sodium bicarbonate soaking  14- 15 25-27  
  12 Cooked (1:2, w/v) at 97°C for a 
previously determined time  
61-65 58-70 - 
  12 Sodium bicarbonate soaking and 
cooked 
61-64 55-68 - 
  12 Autoclaved pre-soaked seeds with a 
temperature of 121°C in plain water 
(1:3, w/v) for 20 min  
62-66 62-75 - 
  12 Autoclaved pre-soaked seeds 
(sodium bicarbonate) with a 
temperature of 121°C in plain water 
(1:3 w/v) for 20 min  




Preto, Macacar and Carioca 
obtained from IPEN (Sao Paulo, 
Brazil) 
15 After soaking, water was heated to 
boiling and simmered for 2 h to 
complete cooking 
16-24 - - 
   Not cooked  NS - - 
Xu  and 
Chang, 2008 
Black bean (Turtle Eclipse) from 
Kimberly, Idaho, U.S.A. 
16 Boiled by Mattson cooker until 
tender enough to be penetrated by 
the rod 
- - 26-77 
Piecyk et al., 
2012 
White bean (Raba and Warta)  from 




 Raba cooked for 30 min    
Warta  cooked  for 40 min 
- - 11 and 54 




Red kidney bean purchased from 
Manitoba, Canada 
18 Not cooked 49 59 - 
 White kidney bean cultivated in 
Egypt 






-, Not reported; NS, No significant effect; *, increase 
El Maki et al., 
2007 
White bean (Serege, Giza and 
RO21) 
24 Cooked in a round-mouthed tall 
beakers fitted with condensers until 
they felt soft between fingers 
2-9 - 1-16 
Wang  et al., 
2010 
Seven bean samples (black turtle, 
cranberry, dark red kidney, great 
northern, pinto, small red and white 
pea 
bean) from pulse processors in 
Manitoba and Saskatchewan. 
24 Cooked in 700 mL distilled water in 
a 2-L metal beaker placed on a 
hotplate for its predetermined 
cooking time 
NS 71- 80 - 
Chimmad et 
al., 2005 
Black bean purchased from local 
market 
24 Not cooked 13 16 43 
  24  Cooked at 1.05 kg/cm2 pressure for 
20 min (1:2, w/v) along with the 
cooking broth  
22 39 59 
El Maki et al., 
2007 
White bean (Serege, Giza and 
RO21) 
36 Cooked in a round-mouthed tall 
beakers fitted with condensers until 
they felt soft between fingers 
4-16 - 13-23 
  48 Cooked in a round-mouthed tall 
beakers fitted with condensers until 
they felt soft between fingers. 






-, Not reported; NS, No significant effect;*, Increase  
Table 3-6. Effect of short period (≤ 48 h) of germination on the anti-nutrient contents of chickpea.  
Source 
 















Agte et al., 1998 Variety from local market in 
India 
25-30°C   24 47 - - 
  25-30°C   24 52 - - 
Trugo et al., 1999
  
Variety from local market in 
Chile 
30°C in dark 24 15 - - 
Ghavidel and 
Prakash, 2007 
Variety from local market  Wet muslin cloth  24 21 17 - 
  Wet muslin cloth 24 50 43  
Hemalatha et al., 
2007 
Variety  from local market In incubator at 25°C 24 NS 47 - 
Egli et al., 2002 Seeds were purchased from  
Switzerland and local 
markets in Ivory Coast 
Household germination 
system  in dark at 25°C 
24 5* - - 
Khandelwal et al., 
2010 
Pusa B-72, B-372, B-362, B-
1103 and B-391 varieties 
from New Delhi 
Moist cloth  24 - 43 52 
Bains et al., 2014 PBG 1 from India Seed germinator at 
25°C  
36 26 - - 
Egli  et al., 2002 Seeds were purchased from  
Switzerland and local 
markets in Ivory Coast 
Household germination 
system  in dark at 25°C 
48 2 - - 
Hemalatha et al., 
2007 
Variety purchased locally  In incubator at 25°C 48 NS 52 - 
Mittal et al., 2012 Variety from India 22°C 48 3 93 82 
Trugo et al., 1999
  
Variety  from local market in 
Chile 
30°C in dark 48 15 - - 
Bains et al., 2014 PBG 1 variety  from India Seed germinator at 
25°C  





Table 3-7. Effect of long period (> 48 h) of germination on the anti-nutrient contents of chickpea. 




















PBG 1 from India Seed germinator at 25°C 
and 70% RH using petri 
dish 
60 46 - - 
Chitra et 
al., 1996 
chickpea from India Petri dish lined with wet 
filter paper 
72 64 - - 
Egli  et al., 
2002 
Seeds were purchased from 
Switzerland and local markets 
in Ivory Coast 
Household germination 
system  in dark at 25°C 
72 16 - - 
El-Adawy, 
2002 
Local chickpea from the local 
market in Shibin El-Kom, 
Egypt 
Thick layers of cotton cloth 
in dark 
72 56 23 - 
Khalil et 
al., 2007 
Kabuli (HASSAN-2K) type 
chickpea variety from Peshawar  
Petri dish lined with filter 
paper in dark  
96 73 - - 
 Desi (NIFA-88) type chickpea 
variety  from Peshawar 
Petri dish lined with filter 
paper in dark 






Table 3-8. Effect of short period (24-48 h) of germination on the anti-nutrient contents of bean. 
-, Not reported  
Source 
 














Agte et al., 
1998 
Black bean from local market in 
India 
25-30°C   24 31 - - 
Agte et al., 
1998 
Black bean from local market in 
India 
25-30o°C   24 35 - - 
Trugo et al., 
1999 
Black bean from Brazil 30°C in dark 24 37 - - 
Alonso et al., 
2000 
Kidney bean (Athropurpurea) 
from  Spain  
Petri dish lined with wet 
filter paper in aired dark 
incubator 




Kidney bean (Awash, Roba and 
Beshbesh) from  Ethiopia 
Filter paper lined petri 
dish covered with 
aluminium foil in dark at 
25°C 
24 28-73 32-35 - 
Trugo et al., 
1999 
Black bean from Brazil 30°C in dark 48 11 - - 
Alonso et al., 
2000 
Kidney bean (Athropurpurea) 
from  Spain 
Petri dish lined with wet 
filter paper in aired dark 
incubator  




Kidney bean (Awash, Roba and 
Beshbesh)  from  Ethiopia 
Filter paper lined petri 
dish covered with 
aluminium foil in dark at 
25°C 
48 62-87 74-80 - 
AL-Numair 
et al., 2009 
White bean (Serge, Giza and 
Ro21) from Sudan  
Moist cotton cloth at 32 + 
3°C 






Table 3-9. Effect of long period (> 48 h) of germination on the anti-nutrient contents of bean. 




Types of bean Germination 
conditions 












Alonso et al., 
2000 
Kidney bean 
(Athropurpurea) from  
Spain 
Petri dish lined with wet 




30 72 53 
Shimelis and 
Rakshit, 2007 
Kidney bean (Awash, Roba 
and Beshbesh) from  
Ethiopia 
Filter paper lined petri dish 
covered with aluminium foil 
in dark at 25oC 
72 79-92 75-77 - 
Yasmin et al, 
2008  
Red kidney bean from  
local market of Peshawar 
city 
Moisture adherent flax cloth 
in dark at 22oC   
96 43 69 55 
Shimelis and 
Rakshit, 2007 
Kidney bean (Awash, Roba 
and Beshbesh)  from 
Ethiopia 
Filter paper lined petri dish 
covered with aluminium foil 
in dark at 25oC 
96 79-96 75-76 - 
AL-Numair et 
al., 2009 
White bean (Serge, Giza 
and Ro21 varieties) from 
Sudan 
Moist cotton cloth at 32 + 
3oC 
96 23-36 30-52 - 
Sangronis and 
Machado, 2005 
Black and white bean from 
local market   
Perforated aluminium trays 
un dark at 25 + 2oC 
120 45 36 - 
  Perforated aluminium trays 
un dark at 25 + 2oC 
120 53 19 - 
AL-Numair et 
al., 2009 
White bean (Serge, Giza 
and Ro21)  from Sudan 
Moist cotton cloth at 32 + 
3oC 




3.7 Fermentation of Dry Bean 
Solid-state and liquid fermentation using either the naturally present lactic acid bacteria or 
by inoculating lactobacilli have been reported for dry bean (Curiel et al., 2015; Limón et al., 2015). 
The seed to water ratio used in the reviewed studies were 1:2 (w/v) for solid-state fermentation and 
1:5 (w/v) for liquid fermentation.  
 
3.7.1 Effect of Fermentation on the Anti-nutrient Contents of Bean 
Both natural and accelerated fermentation initiated by inoculating a culture resulted in a 
reduction of phytate and tannin in beans (Shimelis & Rakshit, 2008). Sourdough fermentation 
resulted in a significant increase in the concentration of total phenols on four bean varieties, 
however, no significant effect were noted on other four bean varieties used in the same study 
(Curiel et al., 2015). Phenolic compounds were increased significantly in 48 and 96 h solid-state 
fermentation, whereas slight decrease or no significant change was observed in liquid fermentation 
(Limón et al., 2015). Another study reported more phenols in fermented bean than bean flour 
(Reyes-Bastidas et al., 2010).  
 
3.8 Fermentation of Chickpea  
As noted above for bean, chickpea fermentation was carried through natural fermentation 
or accelerated fermentation, sometimes referred as controlled fermentation, by adding lactic acid 





3.8.1 Effect of Fermentation on the Anti-nutrient Contents of Chickpea 
Solid-state fermentation of chickpea reduced levels of tannin and phytate (Reyes-Moreno, 
Cuevas-Rodríguez, Milán-Carrillo, Cárdenas-Valenzuela, & Barrón-Hoyos, 2004). A significant 
reduction of phytate was reported following a fermentation of 24 h (Chitra, Singh, & Venkateswara 
Rao, 1996). Sourdough fermentation increased the concentration of total phenols in two chickpea 
varieties (Curiel et al., 2015).  
 
3.9 Summary  
Based on the majority of the articles reviewed, soaking, germination and fermentation 
resulted in significant but variable degrees of anti-nutrient reduction. It should be noted that even 
for a particular treatment time and seed type, the level of reduction was variable. The highest 
phytate reduction for chickpea (73%) was reported for a 96-h germination of kabuli-type chickpea. 
However, the same process led to only a 32% reduction of phytates in desi-type chickpea. The 
highest reduction of phytate in bean was reported for a 96-h germination period. Germination of 
chickpea for 48 h resulted in the highest reduction of tannins, whereas soaking for only 4 h resulted 
in the highest reduction in bean. One would expect to see a reduction in phytate proportional to the 
amount of soaking water, but this was not noted. Although a longer soaking period would be 
expected to be beneficial, this also was not observed in the studies.  
It is important to consider the loss of nutrients associated with soaking, germination and 
fermentation. Not all of the studies reported changes in zinc or iron concentration, which made it 
difficult to calculate and comment on iron or zinc to phytate molar ratios. However, based on the 
available data, the effect of soaking and germination on iron and zinc content is mixed. Three 




et al., 2010), two studies reported an increase (El-Aldawy, 2002, Sangronis and Machado, 2007) 
and one study reported a decrease (El Maki et al., 2007) in zinc content. Regarding iron content, 
Trugo et al. (1999) and Wang et al. (2010) reported no significant effect, whereas El-Aldawy 
(2002) reported an increase, and others noted decrease (El Maki et al., 2007, Bains et al., 2014, 
Sangronis and Machado, 2005) in iron content. Thus, the comparison was made only on the relative 
reductions in the levels of anti-nutrients that occurred during processing. Despite the variation in 
the percentage of reduction, most studies supported the usefulness of soaking, germination and 




Chapter 4  
Impact of Fermentation on Nutrient and Anti-Nutrient Contents of  
Dry Bean (Phaseolus vulgaris L.) and Chickpea (Cicer arietinum L.)  
Grown in Ethiopia 
 
The literature review presented in Chapters 2 and 3 provided evidence for the potential of 
household food processing strategies to improve the nutritional composition of dry bean and 
chickpea. Also discussed in these chapters were the reasons for focusing on micronutrient 
deficiency, particularly of iron and zinc. As noted in Chapter 1, the overall objective of this thesis 
was to improve the bioavailability of iron and zinc in dry bean and chickpea grown in Ethiopia 
through food processing strategies applicable on a household scale. To attain this objective, the 
study was divided into three sub-studies. In the first study, reported in this chapter, dry bean and 
chickpea were subjected to natural fermentation, and selected nutrients and anti-nutrients were 
analysed. Different times of fermentation were explored to address the first objective of the thesis: 
to determine the effect of fermentation at 24, 48 and 72 h on the nutrient (iron, zinc and calcium) 
and anti-nutrient (phytate, polyphenols and tannin) contents of dry bean (Hawassa Dume, Nasir 
and Red Wolaita) and chickpea (Habru, Mastewal and Local) varieties. 
 
Abstract  
Dry bean and chickpea are the most widely consumed pulses in the world. Fermentation is 
one of the oldest traditional food processing techniques practised to improve the nutritional profile 
of grains and pulses. Fermentation for different times (24, 48 and 72 h) was carried out on samples 




time that would improve their nutritional profiles. The protein contents of the dry bean and 
chickpea samples ranged from 16.2 g/100 g to 23.5 g/100 g, with Mastewal exhibiting the lowest 
protein content of all of the samples. There were no significant differences in the mineral contents 
of most of the dry bean samples. The Local chickpea sample had the highest zinc (4.93 mg/100 g) 
and calcium (240 mg/100 g) contents. The iron contents of the dry bean samples were significantly 
higher than those of the chickpea samples. Fermentation of dry bean and chickpea flours reduced 
their anti-nutrient contents, with significant reductions in phytate, tannin and polyphenol contents 
compared to unfermented samples. The results revealed that fermentation could be applied to 
improve the iron bioavailability of dry bean and chickpea flours with minimal loss of mineral 
content, as determined by the phytate:iron ratio. Conversely, fermentation did not significantly 
reduce the phytate:zinc molar ratio. The results from this study could be useful in the formulation 
of novel, fermented, pulse-based food products.  
   
4.1 Introduction 
Dry bean and chickpea are the most widely consumed pulses in the world (Saleh & El-
Adawy, 2006). A large percentage of individuals in East Africa and Latin America depend on dry 
bean as their major source of nutrients. Chickpea is an ancient crop consumed mainly in African 
and Asian countries (Jukanti, Gaur, Gowda, & Chibbar, 2012).  
Fermentation is one of the oldest and most commonly practised traditional food processing 
techniques. Examples of fermented food products used in different parts of the world  include gari 
in west Africa, idli in southeast Asia, injera in Ethiopia and tempeh in Indonesia (Blandino, Al-
Aseeri, Pandiella, Cantero, & Webb, 2003; Kostinek et al., 2005). Whole seed or flour can be 




only the nutritional profile of pulse-based foods (Granito et al., 2002; Reyes-Moreno et al., 2004) 
but also the nutritional and sensory characteristics of cereal-based food products to which 
fermented pulse has been added (Coda, Varis, Verni, Rizzello, & Katina, 2017; Rizzello, Calasso, 
Campanella, De Angelis, & Gobbetti, 2014). In addition, fermentation can serve as a food 
preservation mechanism since most pathogens are unable to survive at the low pH created during 
the process (Gibson, Bailey, Gibbs, & Ferguson, 2010).  
Previous studies have shown that the absorption of iron and zinc is significantly lower in 
plant-based diets high in phytate, tannin and polyphenols (Davidsson et al., 1994; Fredlund, 
Isaksson, Rossander-Hulthén, Almgren, & Sandberg, 2006; Gillooly et al., 1983; Hart, Tako, 
Kochian, & Glahn, 2015; Sandberg, 2002; Tako, Beebe, Reed, Hart, & Glahn, 2014). Natural 
fermentation has been used as a low-cost process applicable on a household scale to reduce anti-
nutrient contents and thus improve mineral bioavailability. Umeta et al. (2005) reported the 
reduction of the phytate:zinc and phytate:iron molar ratios from 28 and 1.1 in unfermented injera 
[flat bread made mostly from tef] to 11 and 0.31 in fermented injera, respectively. Other studies 
(Abebe et al., 2007; Granito et al., 2002; Ibrahim et al., 2002) also have demonstrated the benefits 
of fermentation in improving nutritional composition. The effect of fermentation depends on pH, 
type and time of fermentation (Granito et al., 2002; Porres, Aranda, López-jurado, & Urbano, 
2003). The current study was conducted to determine the effect of fermentation for 24, 48 and 72 
h on nutrient (iron, zinc and calcium) and anti-nutrient (phytate, polyphenol and tannin) levels of 
samples of dry bean (Hawassa Dume, Nasir and Red Wolaita) and chickpea (Habru, Mastewal and 




4.2 Materials and Methods  
4.2.1 Samples 
Samples of two recently developed dry bean varieties (Hawassa Dume and Nasir) and two 
recently developed chickpea varieties (Habru and Mastewal) were obtained from Hawassa 
Agricultural Research Centre, Hawassa, Ethiopia, and Debre Zeit Agricultural Research Centre, 
Bishoftu, Ethiopia, respectively. Samples of local varieties of dry bean (Red Wolaita) and chickpea 
(Local) were purchased from a market in Hawassa, Ethiopia, and a farmer in Wolaita, Ethiopia, 
respectively (Figure 4-1). The seeds were ground in a laboratory mill (UDY cyclone mill, UDY 
Corporation, Fort Collins, CO, USA, equipped with a 0.5-mm screen). Portions of each sample, 
both raw and fermented, were analysed for nutrient and anti-nutrient content.  
 
4.2.2 Fermentation  
Natural fermentation was carried out according to the method described by Luo et al. (2013). In 
brief, three 100-gram ground samples of each seed sample were individually mixed with deionized 
water (ACS Reagent Grade, ASTM Type I, ASTM Type II, VWR, Mississauga, ON, Canada) at 
a ratio of 1 to 5 (w/v). The mixtures were allowed to ferment for 24, 48 and 72 h at room 
temperature (25°C) initiated by microorganisms naturally present on the seeds. Glassware treated 
with nitric acid, rinsed with deionized water and covered with aluminum foil, as shown in Figure 
4-1, was used for the fermentation process. Samples were collected at the beginning of 





Figure 4-1. A picture showing raw bean and chickpea samples (left) and a fermented sample 
(right) 
 
4.2.3 Ground Samples  
At the end of the fermentation period, the fermented sample was separated from the liquid 
by sieving and the samples were dried in a convection oven (Sanyo Convection Oven, Model 
MOV-212F, Sanyo Electric Co. Ltd., Osaka, Japan) at 60°C and ground in a laboratory mill (UDY 
cyclone mill, UDY Corporation, Fort Collins, CO, USA, equipped with a 0.5-mm screen). The 
ground samples were stored in air-tight polyethylene bags at 4°C until further analysis. 
Unfermented flour samples were used as controls. 
 
4.2.4 pH  
The pH values of dry bean and chickpea samples were determined with a pH meter 
(Oakton, Vernon Hills, IL, USA) at 0, 24, 48 and 72 h of fermentation.  
 
4.2.5 Protein analysis  
Protein analysis was carried out using AACC International Method 46-30.01 (AACC 




was determined by the Dumas combustion method with an FP-528 Protein/Nitrogen Analyzer 
(LECO Corporation, St. Joseph, MI, USA). Protein was calculated by multiplying the nitrogen 
concentration by a factor of 6.25. Triplicate samples of 200 mg EDTA were used for calibration. 
To check for accuracy, wheat flour of known protein content was analyzed before the dry bean 
and chickpea samples were analyzed and after every 20 samples. 
 
4.2.6 Mineral analysis 
The mineral (iron, zinc and calcium) contents of unprocessed and fermented samples were 
determined using a HNO3-H2O2 digestion, as described by Thavarajah and Thavarajah (2012). In 
brief, 500 mg of flour was placed in 30-mL digestion tubes. Then, 6 mL of concentrated nitric acid 
(HNO3) was added to each of the tubes, which were placed in a Vulcan 84 automatic digester 
(Questron Technology Corporation, Mississauga, ON, Canada). The total digestion procedure 
required approximately 120 min. After the tubes were heated for 55 min, 3 mL of 30% hydrogen 
peroxide (H2O2) was added, and then another 2 mL of H2O2 was added after 5 min. When about 9 
min were left, 3 mL of 6M HCl was added to the tubes. At the end of the digestion, the samples 
were diluted with Millipore water and adjusted to a volume of 25 mL. In each run, 84 tubes were 
analyzed in the digester, among which blanks and control samples were included. A Flame Atomic 
Absorption Spectrophotometer (novAA300, Analytik Jena AG, Jena, Germany) was used to 
determine the minerals (iron, zinc and calcium) in the digest. Lanthanum chloride (1%) was added 
to food samples to suppress interference from phosphorus in the determination of the calcium. The 
method used for determining mineral concentrations had been validated previously using NIST 
standard reference material 1567a (wheat sample). Yellow lentil flour, analyzed after every 10th 





4.2.7 Phytate analysis  
Phytate content was analyzed using the Wade reagent method as described by Gao et al. 
(2007). A ground sample (0.5 g) was mixed with 10 mL of 2.4% HCl in 14-mL Falcon tubes for 
16 h using a magnetic stirrer, and then centrifuged at 1000 x g at 10°C for 20 min. The crude acid 
extracts were transferred to 14-mL Falcon tubes and mixed with 1 g NaCl. The mixtures were left 
to settle at 4°C for 60 min. After an hour, each sample was centrifuged at 1000 x g at 10°C for 20 
min, and the clear supernatant was collected. One millilitre of the clear supernatant was diluted 
with 24 mL of deionized water in a 50-mL Falcon tube. Three millilitres of the diluted sample was 
mixed with 1 mL of Wade reagent (0.03% FeCl3∙6H2O + 0.3% sulfosalicylic acid). The samples 
then were mixed using a vortex mixer and centrifuged at 1000 x g at 10°C for 10 min. A series of 
calibration standards containing 0, 1.12, 2.24, 3.36, 5.6 and 11.2 mg per L of sodium phytate was 
prepared. Samples of normal phytate CDC Redberry lentil and low phytate and normal phytate 
barley were run along with the samples. The absorbance of samples and standards were read at 
500 nm on a UV-Vis spectrophotometer (GENESYS 10S, Thermo Fisher Scientific, Madison, WI, 
USA).  
 
4.2.8 Polyphenol analysis  
Total polyphenols were determined with the Folin-Ciocalteu reagent, according to the 
method described by Wei et al. (2013). A 2-g ground sample was weighed and transferred to a 
capped centrifuge tube. Then, 20 mL of methanol:water (50:50, v/v) solution was added. The tube 
was shaken at room temperature for 1 h and then centrifuged at 1259 x g for 15 min. An aliquot 




min of incubation, 2 mL of sodium carbonate (10%) was added. The mixture was allowed to stand 
for 90 min at room temperature. The absorbance of each sample and a blank was measured at 765 
nm using a UV-Vis Spectrophotometer (Thermo Fisher Scientific). The total polyphenols content 
of each extract was calculated using a calibration curve prepared with a gallic acid standard and 
expressed as mg gallic acid equivalents (GAE) per 100 g. 
 
4.2.9 Tannin analysis  
The vanillin-HCl method was used to determine tannin content, as described by Price et al. 
(1978). One gram of ground sample was measured and mixed with 20 mL of 1% HCL in methanol 
for 20 min at 30°C in a water-bath. The samples were centrifuged at 490 x g for 4 min. One 
millilitre of supernatant was mixed with 5 mL of freshly prepared vanillin solution (0.5% vanillin 
+ 2% HCL in methanol). Absorbance was read at 500 nm on a UV-Vis Spectrophotometer 
(Thermo Fisher Scientific). The quantification of tannin was based on a standard curve prepared 
with 0.05-0.45 mg/mL of catechin, and results were expressed as catechin equivalents per 100 g 
of sample.  
 
4.2.10 Phytate:zinc and Phytate:iron molar ratios 
Phytate:zinc and phytate:iron molar ratios were calculated by dividing the molar 
concentration of phytate (molecular weight, 660) by the molar concentration of zinc (molecular 





4.2.11 Statistical Analysis 
SPSS version 20.0 for Windows (IBM Corp. Armonk, NY, USA) was used for data 
analysis. Results are expressed as mean ± standard deviation. Analysis of variance with Tukey’s 
test at p < 0.05 was used to determine means that were statistically different.   
 
4.3 Results 
4.3.1 Protein and Mineral Contents of Raw and Fermented Dry Bean and Chickpea  
The protein, zinc, iron and calcium contents of the raw dry bean and chickpea samples  
obtained from Ethiopia are presented in Table 4-1. The protein contents of the dry bean samples 
ranged from 17.1 g/100 g to 23.5 g/100 g, with Red Wolaita having the lowest protein content of 
the dry bean samples. The protein contents of the chickpea samples ranged from 16.2 g/100 g to 
19.2 g/100 g, with Mastewal exhibiting the lowest protein content of all dry bean and chickpea 
samples. There was no significant difference in the mineral contents of most dry bean samples. 
Local chickpea had the highest zinc (4.93 mg/100 g) and calcium (240 mg/100 g) contents of all 
samples. The iron contents of the dry bean samples were significantly higher than those of the 
chickpea samples. 
The protein, zinc, iron and calcium contents of dry bean and chickpea at different times of 
fermentation are presented in Table 4-2; statistical comparisons are made between different times 
of fermentation for the same variety. Compared to the unfermented flour samples, the protein 
content was significantly lower at: i) 24 h of fermentation for Hawassa Dume; ii) 24 h and 48 h of 
fermentation for Nasir and Red Wolaita; iii) 24 h and 48 h of fermentation for Habru; iv) all 




Table 4-1. Protein, iron, zinc and calcium contents of samples of dry bean and chickpea.  
Pulse varieties Protein  
(g/100 g) 
Zinc  
(mg/100 g)  
 Iron  





Hawassa Dume 23.5 ± 0.1d  3.78 ± 0.28ab  6.80 ± 0.74c 161.2 ± 12.2a 
Nasir 23.5 ± 0.1d 4.22 ± 0.43b 6.68 ± 0.20c 179.3 ± 3.1ab  
Red Wolaita 17.1 ± 0.1b 3.52 ± 0.16a  6.78 ± 0.05c 164.4 ± 4.0ab  
 
Chickpea 
Habru 19.2 ± 0.1c  3.40 ± 0.05a  4.61 ± 0.03ab 126.2 ± 1.9a  
Mastewal  16.2 ± 0.2a  3.54 ± 0.19a  4.21 ± 0.03a 154.3 ± 5.1b  
Local  19.2 ± 0.1c  4.93 ± 0.03c 5.25 ± 0.11b 239.8 ± 7.3c  
Values are mean ± SD (n=3) expressed on a dry weight basis. Means within a column with the same superscript letter 
are not significantly different (p > 0.05).  
 
Zinc contents were significantly lower in fermented dry bean and chickpea samples 
compared to those of their unfermented counterparts. The iron contents of Hawassa Dume, Nasir 
and Habru samples were not significantly different from those of the unfermented samples at any 
of the fermentation times, whereas the iron contents were significantly lower in fermented Red 
Wolaita, Mastewal and Local samples. The calcium contents of fermented dry bean samples were 
not significantly different than those of the unfermented flour samples. For chickpea samples, 
Mastewal and Local samples at 72 h of fermentation had significantly lower calcium contents than 




Table 4-2. Changes in protein, iron, zinc and calcium contents of samples of three bean and 
three chickpea varieties during fermentation.  















0 h  23.5 ± 0.1bc 3.78 ± 0.28c  6.80 ± 0.74ab 161.2 ± 12.2a 
24 h  20.9 ± 1.3a 2.55 ± 0.18a 7.07 ± 0.10ab 184.7 ± 3.2a 
48 h 21.6 ± 0.1ab 2.53 ± 0.04a 6.49 ± 0.05a 171.6 ± 3.6a 
72 h 23.7 ± 0.4c 2.30 ± 0.05a 7.22 ± 0.15b 168.4 ± 3.7a 
 
Nasir  0 h 23.5 ± 0.1b 4.22 ± 0.43c  6.68 ± 0.20a 179.3 ± 3.1a 
 24 h 21.5 ± 0.1a 2.89 ± 0.06ab 6.77 ± 0.34a 172.6 ± 1.8a 
 48 h 21.4 ± 0.1a 2.69 ± 0.01ab 6.99 ± 0.06a 176.9 ± 3.3a 
 72 h 23.7 ± 0.5b 2.04 ± 0.02a 7.06 ± 0.06a 172.4 ± 3.2a 
 
Red Wolaita 0 h 17.1 ± 0.1b 3.52 ± 0.16b 6.78 ± 0.05b  164.4 ± 4.0a 
 24 h  15.6 ± 0.2a 2.24 ± 0.01a 6.24 ± 0.11a 164.7 ± 4.2a 
 48 h 15.6 ± 0.4a 2.38 ± 0.14a 6.37 ± 0.10a 169.7 ± 6.5a 
 72 h 16.5 ± 0.1b 2.43 ± 0.05a 6.25 ± 0.39a 162.0 ± 1.7a 
 
Chickpea 
Habru 0 h  19.2 ± 0.1b 3.40 ± 0.05d 4.61 ± 0.03a 126.2 ± 1.87a 
24 h 15.8 ± 0.4a 2.88 ± 0.02a 4.49 ± 0.07a 115.5 ± 2.2a 
48 h 15.6 ± 2.7a 2.63 ± 0.08b 4.68 ± 0.40a 116.7 ± 7.6a 
72 h 17.7 ± 0.1ab 2.16 ± 0.04c 4.63 ± 0.18a 120.2 ± 4.9a 
 
Mastewal 0 h  16.2 ± 0.2c 3.54 ± 0.19d 4.21 ± 0.03c  154.3 ± 5.1b 
 24 h 14.1 ± 0.5a 1.40 ± 0.01b 3.78 ± 0.08b  145.6 ± 3.4ab 
 48 h 13.9 ± 0.1a 1.64 ± 0.13c 3.48 ± 0.08a 143.1 ± 3.3ab 
 72 h 14.9 ± 0.1b 1.15 ± 0.02a 3.64 ± 0.10ab 137.8 ± 10.5a 
 
Local 0 h  19.2 ± 0.1b 4.93 ± 0.03b 5.25 ± 0.11c 239.8 ± 7.3b 
 24 h 16.9 ± 0.1a 3.94 ± 0.02a 4.95 ± 0.01b 218.2 ± 2.0ab 
 48 h 18.0 ± 0.8b 3.70 ± 0.63a 4.87 ± 0.16ab  221.9 ± 
27.0ab 
 72 h 18.5 ± 0.1b 3.50 ± 0.04a 4.54 ± 0.27a 198.8 ± 2.8a 
Values are mean ± SD (n=3) expressed on a dry weight basis. For each variety, means within a column with the same 





4.3.2 Changes in pH during Fermentation of Dry Bean and Chickpea Samples   
The change in pH during the fermentation of samples of three dry bean and three chickpea 
varieties is shown in Figure 4-2. The pH prior to fermentation ranged from 6.2-6.3 for dry bean 
samples and from 6.4-6.5 for chickpea samples. The pH dropped significantly during the 


















Figure 4-2. Change in pH during fermentation of samples of three dry bean and three  
chickpea varieties. 
Values are means ± SD (n=3). 
 
4.3.3 Changes in Phytate Contents of Bean and Chickpea Samples during Fermentation 
The phytate contents of raw and fermented samples of dry bean and chickpea are presented 
in Figure 4-3. The phytate contents of dry bean and chickpea samples ranged from 689.5-818.5 
mg/100 g and 557.3-635.2 mg/100 g, respectively. A significant decrease in phytate content was 
observed at 24 h of fermentation for all dry bean and chickpea samples. Reductions of phytate 
during fermentation ranged from 23.5-33.6% at 24 h, 25.4-36.7% at 48 h to 32.2-42.4% at 72 h for 





Figure 4-3. Changes in the phytate contents of samples of three dry bean and three  
chickpea varieties during fermentation. 
Values are mean ± SD (n=3) on a dry weight basis. Bars without a common letter (a,b,c,d) are significantly different  
(p<0.05) based on Tukey’s multiple comparison test. F24=fermented for 24 h, F48=fermented for 48 h, 
F72=fermented for 72 h.  
 
4.3.4 Changes in Tannin and Polyphenol Contents and Phytate:zinc and Phytate:iron 
Molar Ratios of Dry Bean and Chickpea during Fermentation 
The tannin and polyphenol contents of raw and fermented dry bean samples are shown in 
Table 4-3. Unfermented dry bean samples contained tannin and polyphenols ranging in content 
from 159.3-182.9 mg catechin/100 g and 140.1 to 180.0 mg GAE/100 g, respectively, whereas 
unfermented chickpea samples contained tannin and polyphenols ranging in content from 10.4-
26.1 mg catechin/100 g and 15-27.5 mg GAE/100 g, respectively. The tannin contents decreased 
significantly with 17-30%, 18-30%, and 20-37% reductions at 24, 48 and 72 h in samples of 
fermented dry bean, respectively. In samples of chickpea, the tannin contents also decreased 




respectively. Polyphenol reductions also were noted at 24, 48 and 72 h, with 20-28%, 21-29%, and 
23-30% reductions in samples of dry bean, and 20-23%, 20-27%, and 20-29% reductions in 
samples of chickpea. Table 4-3 also presents the phytate:zinc and phytate:iron molar ratios for 
fermented and non-fermented dry bean and chickpea samples. The phytate:zinc molar ratios were 
not significantly different in fermented and unfermented Hawassa Dume, Red Wolaita, Mastewal 
and Local samples, whereas reductions were observed in Nasir fermented for 24 and 48 h and 
Habru fermented for 24 h. The phytate:iron molar ratios of all fermented dry bean and chickpea 
samples were significantly lower than values for their unfermented counterparts.  
 
4.4 Discussion  
Fermentation is one of the oldest traditional food processing techniques used to reduce 
nutrient absorption inhibitors and improve the nutritional profile of grains and pulses. It is an 
inexpensive process that can be carried out with minimal resources. In this study, the effect of 
natural fermentation on nutrient (protein, zinc, iron and calcium) and anti-nutrient (phytate, tannin 
and polyphenol) contents of samples of dry bean and chickpea grown in Ethiopia were 
investigated. The nutrient and anti-nutrient contents of the dry bean and chickpea samples were 
assessed initially and after 24, 48 and 72 h of fermentation.  
The protein contents of unfermented dry bean samples in the current study were 
comparable to those of eight bean varieties grown in Ethiopia (18-22.1 g/100 g), as reported by 
Shimelis and Rakshit (2005b). However, the protein contents of the unfermented chickpea samples 




Table 4-3. Changes in polyphenols, tannin, phytate:zinc and phytate:iron molar ratios of  




(mg catechin/100 g)  
  Polyphenols 








0 h 159.3 ± 0.1c  140.1 ± 0.1c  21.4 ± 1.5a 10.3 ± 1.1c 
24 h 124.7 ± 0.0b 108.6 ± 0.4b 23.4 ± 1.5a   7.1 ± 0.1b 
48 h 122.5 ± 0.2a 108.4 ± 0.2b 21.1 ± 0.7a   7.0 ± 0.2ab 
72 h 122.3 ± 0.2a 105.3 ± 0.4a 21.5 ± 0.8a   5.8 ± 0.1a 
 
Nasir 
0 h 167.5 ± 0.1d 156.7 ± 0.1d 18.3 ± 1.6b 9.8 ± 0.2b 
24 h 138.8 ± 0.7c 125.6 ± 0.3c 11.5 ± 0.8a 4.2 ± 0.5a 
48 h 137.3 ± 0.4b 123.9 ± 0.8b 12.4 ± 1.3a 4.1 ± 0.5a 
72 h 134.6 ± 0.3a 120.4 ± 0.2a 18.3 ± 0.8b 4.5 ± 0.2a 
 
Red Wolaita 
0 h 182.9 ± 0.1d 180.0 ± 0.1d 19.3 ±1.0 ab 8.5 ± 0.1d 
24 h 128.9 ± 0.2c  130.3 ± 0.2c 20.9 ± 0.5b 6.5 ± 0.1c 
48 h 127.8 ± 0.5b 128.2 ± 0.2b 17.8 ± 1.0a 6.1 ± 0.1b  
72 h 113.5 ± 0.1a 126.4 ± 0.3a 17.6 ± 0.4a 5.7 ± 0.1a 
 
Habru 
0 h 10.4 ± 0.3c 15.0 ± 0.1c 17.8 ± 0.5bc 11.3 ± 0.3b 
24 h  7.2 ± 0.2b 11.6 ± 0.2b 16.0 ± 0.4a   8.8 ± 0.3a 
48 h  6.5 ± 0.3ab 10.9 ± 0.1b 17.0 ± 0.4ab   8.1 ± 1.0a 
72 h  6.2 ± 0.2a 10.7 ± 0.6ab 18.7 ± 0.4c   7.6 ± 0.5a 
 
Mastewal 
0 h 22.8 ± 0.1b 24.1 ± 0.9b 25.7 ± 0.9a 11.3 ± 0.1c 
24 h 16.4 ± 0.3a 19.3 ± 0.1a 26.2 ± 0.9c   8.3 ± 0.4b 
48 h 16.5 ± 0.4a 19.4 ± 0.1a 20.9 ± 1.7b   8.5 ± 0.1b 
72 h 16.0 ± 0.0a 19.4 ± 0.1a 27.8 ± 0.7c   7.4 ± 0.2a 
 
Local 
0 h 26.1 ± 0.1d 27.5 ± 0.1c 12.8 ± 0.3a 10.3 ± 0.1b 
24 h 17.5 ± 0.2c 21.6 ± 0.5b 10.9 ± 0.1a   7.4 ± 0.1a 
48 h 16.2 ± 0.1b 20.2 ± 0.1a 10.8 ± 2.0a   7.2 ± 0.3a 
72 h 15.1 ± 0.1a 20.4 ± 0.2a 11.4 ± 0.2a   7.7 ± 0.5a 
Values are mean ± SD on a dry weight basis. Means for the same variety within a column with the same superscript 





In this study, the protein contents of fermented dry bean and chickpea flours tended to be 
lower after 24 and 48 h of fermentation compared to those of unfermented samples. Reductions in 
protein content due to fermentation have been reported by others (Granito et al., 2002; Porres et 
al., 2003). However, in the current study, fermentation for 72 h did not significantly affect the 
protein content of most dry bean and chickpea samples compared to values for corresponding 
flours. The apparent increase in protein content that occurred after 24 and 48 h of fermentation 
could be attributable to microbial processes, e.g., oxidation or degradation of other compounds 
such as lipids and fibre (Martin-Cabrejas et al., 2004; Reyes-Moreno et al., 2004; Sparringa & 
Owens, 1999), leading to a relative increase in the concentration of protein as the length of 
fermentation increased. 
The zinc contents of the unfermented dry bean samples were higher than the values (1.7-
2.8 mg/100 g and 1.5-2.8 mg/100 g) reported by Ariza-Nieto et al. (2007) and Shimelis and Rakshit 
(2005b), respectively. The iron contents of unfermented dry bean samples were in the range (4.8-
7.4 mg/ 100 g) reported for eight dry bean varieties from different parts of the world (Ariza-Nieto 
et al., 2007) and comparable to values (6.1-8.3 mg/100 g) reported by Shimelis and Rakshit (2005) 
for beans grown in Ethiopia. The calcium contents of unfermented dry bean samples in the current 
study were within the wide range of values (89-203.8 mg/100 g) reported in the literature (Ariza-
Nieto et al., 2007; Shimelis & Rakshit, 2005b). The iron contents of unfermented chickpea samples 
were within the range (4.04-6.47 mg/100 g) reported by Kinfe et al. (2015). However, the zinc 
contents of unfermented chickpea samples was higher in the current study, whereas the calcium 
content of unfermented chickpea samples tended to be lower, than values (147-400 mg/100 g) 
reported for chickpea grown in Ethiopia (Abebe et al., 2007; Kinfe et al., 2015).  
The fermentation of dry bean and chickpea flours affected mineral content to various 




Unlike other studies that reported no significant change or higher zinc content in fermented samples 
compared to unfermented counterparts (Granito et al., 2002; Porres et al., 2003), zinc loss was 
observed in all fermented samples in the current study. Iron loss was less pronounced than zinc 
loss. Lower calcium levels in a few of the fermented samples also were observed. The fermenting 
water was discarded after each fermentation time which would have contributed to the reductions 
in mineral content. 
All fermented dry bean and chickpea samples had significantly lower pHs than did the 
corresponding raw flours. Similar results have been reported in natural and controlled fermentation 
of dry bean and chickpea (Chandra-Hioe, Wong, & Arcot, 2016; Porres et al., 2003). The lowering 
of pH has been attributed to the microbial production of organic acids, such as lactic and acetic 
acid, during fermentation (Hemalatha, Platel, & Srinivasan, 2007). 
The phytate contents of dry bean and chickpea samples in the current study were in keeping 
with previously reported values, which varied over wide ranges, 716-1380 mg/100 g (Abebe et al., 
2007; Porres et al., 2003; Wang, Hatcher, Tyler, Toews, & Gawalko, 2010) and 57-1060 mg/100 
g (Kinfe et al., 2015; Wang et al., 2010). Under the experimental conditions in this study, 
fermentation led to significant reductions in the phytate contents of the dry bean and chickpea 
samples. Even though all of the studies are not directly comparable because of differences in the 
water to flour ratio, the percentage reductions in this study were in agreement with most previously 
published results (Chitra et al., 1996; Granito et al., 2002; Porres et al., 2003). Porres et al. (2003) 
reported a 32.5% phytate reduction in dry bean fermented naturally for 48 h in sterilized distilled 
water at a concentration of 300 g/L. Granito et al. (2002) found that dry bean flour fermented for 
48 h at concentrations ranging from 1:4 to 1:12 (w/v) resulted in a 7-39% reduction in phytate, 
whereas Chitra et al. (1996) observed that phytate was reduced by 40% in pre-soaked and 




those noted by Shimelis and Rakshit (2008), who reported reductions in phytate content of 18-93% 
due to fermentation (24-96 h) of dry bean varieties. Studies have attributed the reductions in phytate 
content during fermentation to the activity of a microbial phytase, an endogenous phytase, or a 
combination of the two. In line with these observations, Curiel et al. (2015) reported an increase in 
phytase activity in dry bean and chickpea during fermentation. Phytase can induce hydrolysis of 
phytate to lower inositol phosphates and enhance micronutrient bioavailability (Hotz & Gibson, 
2007). It also has been noted that fermentation creates an acidic environment conducive to phytase 
activity. In addition, organic acids produced during fermentation have the capacity to create soluble 
ligands with zinc and iron, protecting them from precipitation (Hotz & Gibson, 2007).  
As expected, higher polyphenol and tannin contents were observed in the pigmented dry 
bean samples than in the chickpea samples. Habru chickpea had the lowest polyphenol and tannin 
contents, unsurprisingly, since it has light-coloured seed compared to the Mastewal and Local 
chickpea varieties, which are Desi-type. This observation is consistent with several reports (Wang 
et al., 2010; Sharma et al., 2013; Kinfe et al., 2015) indicating  that polyphenol and tannin contents 
are higher in Desi chickpea than in Kabuli. In agreement with this explanation, a study has shown 
that the seed coat (where most polyphenols are located) of Kabuli is thinner than that of Desi, 
comprising 5% of total seed weight compared to 14% in Desi seeds (Wood et al., 2011). In this 
study, fermentation caused a significant reduction in polyphenol content. This result is in 
agreement with polyphenol contents reported for naturally fermented bean (Limón et al., 2015) and 
lentil (Torino et al., 2013). In contrast to the findings in this study, some studies (Curiel et al., 2015; 
Reyes-Bastidas et al., 2010) have reported an increase in total polyphenols or some particular 
polyphenol during fermentation. In one study, sourdough fermentation increased the concentration 
of polyphenols in four bean and two chickpea varieties, but noted no significant effects for four 




polyphenols in solid-state fermented bean than in raw bean flour (Reyes-Bastidas et al., 2010), 
while observing a slight increase or no significant change in liquid-state fermentation (Limón et al. 
(2015). Gan et al. (2016) noted variable effects (increase, decrease or no effect) of fermentation on 
the polyphenol contents of different pulses. The same study suggested that this diverse response 
could be due to differences in the polyphenol composition of the pulses, as well as the microbial 
species involved in the fermentation process. With respect to the tannin contents of the dry bean 
and chickpea samples in this study, the fermentation process resulted in reduced tannin levels. 
Other studies (Curiel et al., 2015; Granito et al., 2002; Limón et al., 2015; Shimelis & Rakshit, 
2008) have shown similar reductions.  
Although ratios do not consider all of the factors affecting mineral bioavailability, 
phytate:zinc and phytate:iron molar ratios have been used to indicate the potential availability of 
nutrients for absorption and utilization from fermented food products (Liang, Han, Nout, & Hamer, 
2008; Luo, Gu, Han, & Chen, 2009). All fermented samples in the current study had lower 
phytate:iron molar ratios than their corresponding unfermented counterparts. The lack of 
improvement in the phytate:zinc molar ratios of fermented samples, despite the lower level of 
phytate, could be attributable to the reductions in zinc content observed.   
 
4.5 Conclusion  
Broadly, the results indicated that fermentation effectively reduced anti-nutrient contents 
of dry bean and chickpea samples and that fermentation could improve the iron bioavailability of 
dry bean and chickpea flours with minimal loss of mineral content, as determined by the 
phytate:iron molar ratios. Even though the expected improvement due to lower phytate contents 




in reducing the total anti-nutrient contents. The results from this study could be instrumental in the 




Chapter 5  
Impact of Combined Soaking, Germination and Cooking on  
Nutrient and Anti-nutrient Content, Cooking Time and Acceptability of  
Dry Bean (Phaseolus vulgaris L.) and Chickpea (Cicer arietinum L.) Grown in 
Ethiopia 
 
The previous chapter provided findings on the effect of fermentation on nutrient and anti-
nutrient contents of samples of dry bean and chickpea varieties grown in Ethiopia. The 
fermentation process employed in the previous chapter utilized flour of dry bean and chickpea, 
whereas the processes presented in this study were carried out on whole seed. The study presented 
here describes the impact of other traditional food processing strategies, i.e. soaking, germination, 
cooking and their combinations, on nutrient and anti-nutrient contents, cooking time and sensory 
acceptability. These strategies would provide households with additional options for recipes 
requiring whole seed instead of flour. Chapter 5, presented here as a publishable manuscript, 
describes the results of specific objectives 2-4. The objectives were to determine the effect of 
soaking-cooking and germination-cooking on mineral (iron, zinc and calcium) content as well as 
anti-nutrient (phytate, tannin and polyphenols) content of dry bean and chickpea and the 






Pulses are processed in diverse ways prior to consumption. Soaking and germination are 
among the most common traditional, household-level, food processing strategies. This study was 
carried out to determine the effects of soaking, germination, cooking and their combinations on the 
contents of selected nutrients and anti-nutrients of dry bean and chickpea. In addition, the effects 
of the pre-treatments on cooking time and the acceptability of dishes prepared from dry bean and 
chickpea were determined. The nutrient compositions (protein, zinc, iron and calcium) of most 
soaked-cooked and germinated-cooked dry bean and chickpea samples were not significantly 
different than those of respective samples cooked without pre-treatment. However, soaking-
cooking and germination-cooking significantly lowered the phytate and tannin contents of the dry 
bean and chickpea samples, with a few exceptions, and overall, polyphenol contents were lower 
after soaking-cooking than after germination-cooking. Most scores for sensory attributes of bean-
based and chickpea-based dishes prepared from soaked or germinated samples were not 
significantly different than those of dishes prepared from samples that had not been pre-treated. 
For most dry bean and chickpea samples, longer germination times yielded superior results in terms 
of cooking time, tannin and phytate:zinc and phytate:iron molar ratio reduction. 
 
5.1 Introduction  
Micronutrient deficiency is a major public health problem in most developing countries, as 
it predisposes the population to a wide range of impacts on health and physical and mental 
development (Umamaheswari, Bhaskaran, Krishnamurthy, Hemamalini, & Kavita, 2011; Viteri & 
Gonzalez, 2002). Pulses, including dry bean (Phaseolus vulgaris L.) and chickpea (Cicer arietinum 




they provide lysine, which is deficient in cereals. The production of pulses has been increasing in 
recent years (Joshi & Rao, 2016). Chickpea and dry bean are among the major pulses produced and 
consumed in Ethiopia (Shiferaw & Teklewold, 2007).  
The anti-nutrients, abdominal discomfort and hard-to-cook phenomenon associated with 
pulses limit their use (Huma et al., 2008; Kabata et al., 2016; Wang & Daun, 2005). The longer 
the cooking time, the higher will be the loss of nutrients and fuel use (Shimelis and Rakshit, 2005b; 
Nakitto et al., 2015). Long cooking times also will add to the already burdened life of women, 
especially in developing countries, where food preparation is the main responsibility of women. 
Improved plant varieties have been released from agricultural research centres; however, they are 
selected mainly on agronomic traits with little focus on their nutritional profile (Ray et al., 2014; 
Shimelis & Rakshit, 2005a). Reducing cooking time and anti-nutrients through simple, household-
level, food processing strategies would increase the role of pulses in tackling micronutrient and 
protein deficiencies. 
Pulses are processed at home in a variety ways. Soaking and germination are among the 
most common traditional, household-level, food processing strategies. These traditional strategies 
offer several benefits in addition to a reduction in anti-nutrients (Alajaji & El-Adawy, 2006; 
Khattab & Arntfield, 2009; Yasmin et al., 2008). For example, germination increased ascorbic acid 
content (Sangronis and Machado, 2007; Masood et al., 2014) and improved protein digestibility 
(Ghavidel & Prakash, 2007). It has been demonstrated that these processing strategies also 
improved the nutritional profile of pulses and reduced cooking time (Carmona-García, Osorio-
Díaz, Agama-Acevedo, Tovar, & Bello-Pérez, 2007; Correaa et al., 2010; Ghavidel & Prakash, 
2007; Khalil et al., 2007). This study was carried out to determine the effect of soaking, 
germination, cooking and their combinations on selected nutrient and anti-nutrient contents of dry 




profile. Also, the effects of pre-treatments on cooking time and the acceptability of dishes prepared 
from soaked and germinated dry bean and chickpea were determined.   
 
5.2 Materials and Methods  
All chemicals and reagents were of analytical grade. Deionized water (ACS Reagent Grade, 
ASTM Type I, ASTM Type II) was obtained from VWR, Mississauga, ON, Canada.  
 
5.2.1 Samples 
Samples of three pigmented dry bean (Hawassa Dume, Nasir and Red Wolaita) and three 
chickpea (Habru, Mastewal and Local) varieties obtained from local markets and agricultural 
research centres in Ethiopia were thoroughly cleaned and used in the experiment. All of the dry 
bean samples used in the study were of red bean. Mastewal and Local are Desi-type chickpea, 
whereas Habru is Kabuli-type. Five-kilogram samples of each dry bean and chickpea variety were 
cleaned by hand sorting to remove dust, extraneous matter, and broken and immature seeds. The 
seeds were washed thoroughly three times using deionized water and then air dried before further 
processing.  
 
5.2.2 Cooking Time 
 Cooking times of raw and processed seeds were determined using a Mattson cooker (Figure 
5-1) according to the method described by Wang & Daun (2005). Twenty-five seeds were 
positioned in each of the 25 saddles of the rack such that the tip of each plunger rested on top of 
the seed. The rack was then placed in a 2-L metal beaker containing 1.2 L of boiling water. The 




as the time to cook 80% of the seeds. The experiment was carried out in triplicate and the average 












Figure 5-1. A picture of Mattson cooker. 
 
 
5.2.3 Food Processing Methods 
Portions of each seed sample were soaked, germinated and cooked. Processing is described 
in the following sections. 
 
5.2.3.1 Soaking 
Three, 100-gram samples of each seed variety were soaked separately in water (1:3, w/v) 




Three, 100-gram samples of each seed variety were soaked separately in water (1:3, w/v) 
for 12 h at room temperature (25°C). The soak water was decanted and the seeds were placed in a 
glass container covered with perforated aluminum foil. The container was positioned upside down 
to drain any remaining water, then covered with a dark cloth and left to germinate for 24, 48 or 72 




soaking time and the container used for germination. The seeds were sprinkled with water every 
12 h until the end of the germination period. 
 
5.2.3.3 Cooking 
Three, 100-gram samples of each seed variety, without any pre-treatment, were cooked in 
water (1:5, w/v); these samples served as controls. The samples were cooked on the stove-top for 
their pre-determined cooking times. The pre-soaked and pre-germinated seed samples were cooked 
similarly. The cooked seeds were dried in a convection oven (Sanyo Convection Oven, Model 
MOV-212F, Sanyo Electric Co. Ltd., Osaka, Japan) at 60°C, milled (UDY cyclone mill, UDY 
Corporation, Fort Collins, CO, USA, equipped with a 0.5-mm screen), sealed in air-tight 
polyethylene bags and stored at 4oC. Processing protocols are summarized in Figure 5-2.  




5.2.4 Nutrient and Anti-nutrient Analysis  
Total iron, zinc and calcium concentrations were determined using a modified HNO3-H2O2 
digestion. The digestion protocol was previously described by Thavarajah & Thavarajah (2012). 
Approximately 500 mg of flour was digested and Flame Atomic Absorption Spectrophotometry 
(novAA300, Analytik Jena AG, Jena, Germany) was used for determination of minerals in the 
digest. Lanthanum chloride (1%) was added to food samples to suppress interference from 
phosphorus in the determination of calcium. For protein analysis, 250-mg samples were weighed 
and nitrogen concentration was determined by the Dumas combustion method using a FP-528 
Protein/Nitrogen Analyzer (LECO Corporation, St. Joseph, MI, USA) as described in AACC 
International Method 46-30.01 (AACC International, 1999). Protein was calculated by multiplying 
the nitrogen concentration by a factor of 6.25. Phytate content was determined using the Wade 
reagent method as described by Gao et al. (2007).  
Total polyphenols were determined with Folin-Ciocalteu reagent according to the method 
described by Wei et al. (2013). Tannin was analysed using the Vanillin-HCl method as described 
by Price et al. (1978).  
 
5.2.5 Sensory Evaluation 
Dishes were prepared with soaked and germinated seed using modified local recipes (100 
g dried bean or chickpea, boiled, mashed, and mixed with salt, onion and sunflower oil). Pre-soaked 
and germinated bean and chickpea were used for the treatment group, and untreated seed for the 
controls. Sensory evaluation was carried out according to the method described by Meilgaard et al. 
(2006). Recruitment was based on willingness to participate, availability for the entire period of 
evaluation, history of consumption of bean and chickpea, and no related history of allergy. Health 




panelists were disqualified if necessary. Sensory evaluation was carried out at two different levels. 
The initial evaluation was carried out at Hawassa University. Thirty panelists (i.e. students at the 
School of Nutrition, Food Science and Technology, Hawassa University) divided into two groups 
tested the food samples; one group tested bean-based dishes, while the other tested chickpea-based 
dishes. All tests were carried out in triplicate. After recruitment, the panelists were informed about 
the objectives of the study in detail. They also were instructed on how to complete the 
questionnaire. A nine-point hedonic scale (from 1=dislike extremely, 5=neither like nor dislike, to 
9=like extremely) was used to test appearance, texture, odour, taste and overall acceptability (see 
Appendix 2).  
The second level of sensory evaluation was carried out in dry bean and chickpea growing 
rural areas, namely the Hawassa Zuriya and Zeway districts. Sixty women with children under five 
years of age were recruited in each community. Bean-based dishes were tested in Hawassa Zuriya, 
while chickpea-based dishes were tested in Zeway. A five-point hedonic scale (from “5” = 
excellent, to “1” = terrible, see Appendix 3), used in similar communities (Berhanu et al., 2014; 
Kebebu et al., 2013), was selected for this phase since the majority of women in rural Ethiopia 
have no formal education (Central Statistical Agency [Ethiopia] and ICF, 2016a) This phase of 
sensory evaluation was interview-administered for the same reason. The participants were 
informed about the study and the same conditions as described earlier with respect to the initial 
sensory evaluation, which may affect senses were considered. To avoid sensory fatigue, sub-
samples of dry bean- and chickpea-based dishes were selected from soaked and germinated dishes. 
To ensure the quality of the sensory evaluation, the dishes were coded with three-digit, random 
numbers and presented in similar utensils. To avoid a carryover effect, water was provided to the 





5.2.6 Ethical Clearance 
Ethical approval was obtained from the Behavioural Research Ethics Board, University of 
Saskatchewan, and the Institutional Review Board of the College of Medicine and Health Sciences, 
Hawassa University. 
 
5.2.7 Statistical Analysis 
Data were analyzed using SPSS version 20.0 for Windows (IBM Corp. Armonk, NY, 
USA). Results are expressed as the mean ± standard deviation. Analysis of Variance (ANOVA) 
with Tukey’s test at p<0.05 was used to determine whether means were statistically different.  
 
5.3 Results 
5.3.1 Nutrient Composition of Processed Dry Bean and Chickpea  
The protein, zinc, iron and calcium contents of samples of the three dry bean varieties 
subjected to different processing techniques are presented in Table 5-1; statistical comparisons are 
made between different processing treatments for the same variety. The protein, zinc, iron and 
calcium contents of soaked-cooked and germinated-cooked Hawassa Dume samples were not 
significantly different compared to samples cooked without pre-treatment, with the exception of 
zinc in germinated (24 and 48 h)-cooked and calcium in germinated (72 h)-cooked samples. The 
protein, zinc, iron and calcium contents of soaked-cooked and germinated-cooked Nasir samples 
were not significantly different from that of the sample cooked without pre-treatment, with the 
exception of protein in germinated (72 h)-cooked, zinc in germinated (48 and 72 h)-cooked and 
calcium in soaked (18h)-cooked samples. The protein, iron and calcium contents of soaked-cooked 




sample cooked without pre-treatment, with the exception of iron in soaked (6 h)-cooked and 
calcium in soaked (6 and 18 h)-cooked samples. However, the zinc contents of all soaked-cooked 
and germinated-cooked Red Wolaita samples were significantly lower than in the sample cooked 
without pre-treatment. 
The impact of processing on the protein, zinc, iron and calcium contents of samples of the 
three chickpea varieties is presented in Table 5-2; statistical comparisons are made between 
different processing treatments for the same variety. The protein, zinc, iron and calcium contents 
of soaked-cooked and germinated-cooked Habru samples were not significantly different from that 
of the sample cooked without pre-treatment, with the exception of protein in germinated (48 h)-
cooked, zinc in germinated (24 h)-cooked and calcium in germinated (24 and 48 h)-cooked 
samples. Protein content was significantly higher in germinated (72 h)-cooked Mastewal and Local 
samples, but not significantly different among other treatments. The iron contents of soaked-
cooked and germinated-cooked Mastewal and Local samples were not significantly different from 
those of samples cooked without pre-treatment. The zinc and calcium contents of most Mastewal 
and Local samples [soaked (12 and 18 h)-cooked, germinated (72 h)-cooked] were significantly 





Table 5-1. Effect of soaking, germination and cooking on protein, zinc, iron and calcium  
contents of samples of three dry bean varieties.  
Treatment  Protein 
(g/100 g)  
Zn 








Cooked 23.9 ± 0.5a 3.75 ± 0.24b 6.45 ± 0.42a 163.5 ± 8.2ab 
S6 Cooked 23.6 ± 0.8a 3.33 ± 0.05ab 6.07 ± 0.10a 158.9 ± 3.6a 
S12 Cooked 23.9 ± 0.1a 3.27 ± 0.00 ab 6.45 ± 0.09a 156.8 ± 6.4a 
S18 Cooked 23.3 ± 0.0a 3.46 ± 0.04 ab 5.81 ± 0.08a 184.1 ± 7.2b 
G24 Cooked 23.5 ± 0.1a 3.18 ± 0.03 a 6.06 ± 0.04a 173.4 ± 14.6a 
G48 Cooked 22.5 ± 2.5a 3.07 ± 0.02a 6.57 ± 0.80a 164.4 ± 11ab 
G72 Cooked 20.8 ± 0.9a 3.41 ± 0.03 ab 6.08 ± 0.00a 149.3 ± 5.8a 
 
Nasir 
Cooked 23.6 ± 0.5a 3.45 ± 0.15b 6.44 ± 0.11ab 166.1 ± 1.4ab 
S6 Cooked 23.8 ± 1.1ab 3.36 ± 0.05b 6.31 ± 0.25a 164.5 ± 6.0ab 
S12 Cooked 23.9 ± 0.2ab 3.31 ± 0.00b 6.44 ± 0.24ab 173.4 ± 6.6b 
S18  Cooked 23.8 ± 0.0ab 3.34 ± 0.05b 5.89 ± 0.21a 205.7 ± 6.5c 
G24 Cooked 23.9 ± 0.0ab 3.34 ± 0.06b 6.08 ± 0.01a 157.8 ± 2.6a 
G48 Cooked 23.7 ± 0.0ab 3.08 ± 0.02a 5.92 ± 0.08a 176.9 ± 4.0b 
G72 Cooked 25.5 ± 0.0b 3.73 ± 0.04c 6.92 ± 0.07b 171.4 ± 4.6b 
 
Red Wolaita 
Cooked 17.5 ± 1.1bc 3.13 ± 0.01c 6.40 ± 0.02b 156.3 ± 1.1a 
S6 Cooked 17.6 ± 0.1bc 2.73 ± 0.05ab 5.62 ± 0.15a 165.0 ± 2.5b 
S12 Cooked 17.1 ± 0.0ab 2.73 ± 0.01ab 6.18 ± 0.03b 161.4 ± 2.4ab 
S18 Cooked 18.4 ± 0.1c 2.79 ± 0.08b 6.36 ± 0.07b 222.7 ± 6.8c 
G24 Cooked 16.9 ± 0.2ab 2.82 ± 0.01b 6.15 ± 0.30b 157.4 ± 0.1a 
G48 Cooked 16.7 ± 0.4ab 2.69 ± 0.04a 6.08 ± 0.19b 158.1 ± 0.1a 
G72 Cooked 16.4 ± 0.1ab 2.69 ± 0.01a 6.07 ± 0.16b 157.8 ± 0.0a 
Values are mean ± SD (n=3) expressed on a dry weight basis. For each variety, means within a column with the same 
superscript letter are not significantly different (p>0.05) based on Tukey’s multiple comparison test. S6 
Cooked=soaked for 6 hours and cooked, S12 Cooked=soaked for 12 hours and cooked, S18 Cooked=soaked for 18 
hours and cooked, G24 Cooked=germinated for 24 hours and cooked, G48 Cooked=germinated for 48 hours and 




Table 5-2. Effect of soaking, germination and cooking on protein, zinc, iron and calcium  
contents of samples of three chickpea varieties. 
Treatment  Protein 










Cooked  17.6 ± 0.6b 3.10 ± 0.09b 4.00 ± 0.28b 115.5 ± 25.9bc 
S6 Cooked 18.9 ± 0.4b 2.59 ± 0.33ab 3.45 ± 0.20 ab 114.2 ± 37.1bc 
S12 Cooked 17.7 ± 1.6b 3.00 ± 0.45ab 3.90 ± 0.31ab 120.3 ± 13.0c  
S18 Cooked  18.7 ± 3.1b 2.80 ± 0.14b 3.98 ± 0.13b  113.5 ± 11.2c 
G24 Cooked 16.6 ± 2.9ab 2.15 ± 0.28a 3.77 ± 0.87 ab 110.8 ± 22.8a 
G48 Cooked 12.4 ± 0.9a 2.55 ± 0.59ab 2.92 ± 0.55ab 80.4 ± 12.5a  
G72 Cooked 14.9 ± 3.7 ab 2.28 ± 0.55ab 3.41 ± 0.10ab 79.1 ± 2.1ab 
 
Mastewal 
Cooked 16.2 ± 0.3a 1.83 ± 0.04a 3.75 ± 0.08a 128.2 ± 1.6a 
S6 Cooked 15.7 ± 0.3a 1.92 ± 0.10a 3.87 ± 0.10a 134.0 ± 5.3ab 
S12 Cooked 15.8 ± 0.0 a 1.90 ± 0.01a 4.02 ± 0.02a 141.5 ± 1.4bc 
S18 Cooked 15.8 ± 0.1a 2.17 ± 0.05b 3.98 ± 0.02a 146.7 ± 2.7d 
G24 Cooked 16.1 ± 0.1a 1.95 ± 0.01a 3.99 ± 0.31a 137.6 ± 0.8abc 
G48 Cooked 16.1 ± 0.1a 1.95 ± 0.02a 3.99 ± 0.31a 138.1 ± 0.1abc 
G72 Cooked 18.3 ± 0.0b 2.52 ± 0.02c 3.78 ± 0.05a 145.8 ± 5.6c 
 
Local 
Cooked 20.0 ± 0.1b 4.26 ± 0.06a 5.35 ± 0.07ab 214.2 ± 12.2a 
S6 Cooked 20.1 ± 0.3b 4.27 ± 0.01a 5.30 ± 0.15ab 214.2 ± 4.2a 
S12 Cooked 20.1 ± 0.1b 4.71 ± 0.01c 5.55 ± 0.10bc 230.3 ± 7.8ab 
S18 Cooked 19.5 ± 0.4b 4.84 ± 0.02c 5.47 ± 0.03ab 270.8 ± 0.2c 
G24 Cooked 19.4 ± 0.5b 4.42 ± 0.02b 5.23 ± 0.06a 224.3 ± 0.4ab 
G48 Cooked 19.4 ± 0.5b 4.41 ± 0.04ab 5.27 ± 0.01a 224.3 ± 0.3ab 
G72 Cooked 21.1 ± 0.0c 4.99 ± 0.03d 5.32 ± 0.05ab 244.2 ± 0.7bc 
Values are mean ± SD (n=3) expressed on a dry weight basis. For each variety, means within a column with the same 
superscript letter are not significantly different (p>0.05) based on Tukey’s multiple comparison test. S6 
Cooked=soaked for 6 hours and cooked, S12 Cooked=soaked for 12 hours and cooked, S18 Cooked=soaked for 18 
hours and cooked, G24 Cooked=germinated for 24 hours and cooked, G48 Cooked=germinated for 48 hours and 
cooked, G72 Cooked=germinated for 72 hours and cooked. 
 
5.3.2 Anti-nutrient Content and Phytate:zinc and Phytate:iron Molar Ratios of Processed 
Dry Bean and Chickpea Samples 
Changes in the phytate content of cooked dry bean and chickpea samples due to soaking 
and germination are illustrated in Figure 5-3. Phytate reduction in dry bean samples was 15-35% 
in Hawassa Dume, 13-69% in Nasir, and 1-39% in Red Wolaita [except in soaked (6 h)-cooked]. 




treatments for Habru, with the exception of soaked (6 h)-cooked. Both soaking and germination 
combined with cooking resulted in significant reductions (12-63%) in phytate in Local chickpea 




Figure 5-3. Effect of soaking, germination and cooking on phytate contents of samples of 
three dry bean and three chickpea varieties.   
Values are mean ± SD (n=3) expressed on a dry weight basis. Bars without a common letter (a,b,c,d) are significantly 
different  (p<0.05) based on Tukey’s multiple comparison test. C=control (cooked without pre-treatment), S6=soaked 
for 6 hours and cooked, S12=soaked for 12 hours and cooked, S18=soaked for 18 hours and cooked, G24=germinated 
for 24 hours and cooked, G48=germinated for 48 hours and cooked, G72=germinated for 72 hours and cooked.  
 
Changes in the tannin and polyphenol contents of dry bean and chickpea are presented in 
Table 5-3 and Table 5-4. The tannin content of dry bean samples cooked without pre-treatment 
ranged from 142.4-146.4 mg catechin/100 g. The tannin content of chickpea samples cooked 
without pre-treatment ranged from 9.3-21.0 mg catechin/100 g. Soaked-cooked and germinated-




treatment. A similar pattern was observed for soaked-cooked and germinated-cooked chickpea 
samples, with the exception of the soaked (6 h)-cooked Mastewal sample. The highest tannin 
reduction was noted in germinated (72 h)-cooked samples for both dry bean and chickpea samples, 
except for Habru. Polyphenol contents of dry bean and chickpea cooked without pre-treatment 
ranged from 128.7-165.5 and 13.7-25.3 mg GAE/100 g, respectively. Soaking combined with 
cooking resulted in significant reductions in the polyphenol content of all dry bean and chickpea 
samples compared to samples cooked without pre-treatment. Germination combined with cooking 
resulted in lower polyphenol contents in some dry bean samples (and no significant effect in others) 
compared to samples cooked without pre-treatment. Germination combined with cooking resulted 
in significantly lower polyphenol contents in chickpea samples compared to samples cooked 
without pre-treatment. 
The phytate:zinc and phytate:iron molar ratios of processed dry bean and chickpea are 
presented in Table 5-3 and Table 5-4. In comparison to samples cooked without treatment, the 
phytate:zinc molar ratio of Hawassa Dume was reduced significantly by germination-cooking, 
whereas the phytate:iron molar ratio was reduced by soaking (12 and 18 h)-cooking and 
germination-cooking. For Nasir and Red Wolaita, the lowest phytate:zinc and phytate:iron molar 
ratios were noted for germination (48 and 72 h)-cooking. The phytate:zinc and phytate:iron molar 
ratios of soaked-cooked and germinated-cooked chickpea samples were significantly lower than 
those of the samples cooked without pre-treatment, with the exception of Habru. The lowest 
phytate:zinc and phytate:iron molar ratios for Mastewal and Local were observed for germination 








Table 5-3. Effect of soaking, germination and cooking on tannin and polyphenol contents and phytate:zinc and phytate:iron  
molar ratios of samples of three dry bean varieties.  
Treatment  Tannin 
(mg catechin/100 g)  
Polyphenols 
(mg GAE/100 g) 
Phytate:zinc   
molar ratio 





Cooked 143.2 ± 0.7e 128.7 ± 1.3d 19.8 ± 1.6cd 10.2 ± 0.1d 
S6 Cooked 127.3 ± 1.1d 111.9 ± 1.1b 20.5 ± 0.4cd   9.6 ± 0.2cd 
S12 Cooked 127.4 ± 0.7d 110.0 ± 0.6a 19.5 ± 0.5cd   8.4 ± 0.1bc 
S18 Cooked 127.4 ± 0.7d 112.9 ± 0.7c 17.4 ± 0.3abc   8.8 ± 0.1bc 
G24 Cooked 126.6 ± 0.6c 128.3 ± 2.8c 16.3 ± 0.6ab   7.1 ± 0.2ab 
G48 Cooked 124.5 ± 1.0b 128.8 ± 0.9d 16.0 ± 1.6a   6.6 ± 0.9a 
G72 Cooked 124.2 ± 0.7a 128.7 ± 1.8cd 14.1 ± 0.2a   6.8 ± 0.1a 
 
Nasir 
Cooked 142.4 ± 0.9f 133.2 ± 0.9f 21.2 ± 0.9d  9.7 ± 0.3d 
S6 Cooked 140.7 ± 0.9e  125.4 ± 0.7a 18.9 ± 0.6d  8.7 ± 0.2d 
S12 Cooked 139.1 ± 1.4d  126.0 ± 0.9c 14.9 ± 0.7c  6.5 ± 0.6c 
S18  Cooked 137.4 ± 0.9c 125.8 ± 0.4b 11.2 ± 0.9b  5.4 ± 0.5bc 
G24 Cooked 139.0 ± 0.9d  131.4 ± 0.7d 10.8 ± 0.1b  5.1 ± 0.0b 
G48 Cooked 135.7 ± 0.9b 132.8 ± 0.5e   7.4 ± 1.3a  3.3 ± 0.7a 
G72 Cooked 134.0 ± 0.6a 133.1 ± 0.5f   6.5 ± 0.1a  3.0 ± 0.0a 
 
Red Wolaita 
Cooked 146.4 ± 0.6f 165.5 ± 1.0g 21.4 ± 0.4c  8.9 ± 0.1c 
S6 Cooked 128.1 ± 0.3e 143.9 ± 0.5c 24.4 ± 0.4e 10.1 ± 0.1d 
S12 Cooked 122.6 ± 0.1d 133.3 ± 1.6a 23.1 ± 0.2d  8.7 ± 0.1c 
S18 Cooked 122.7 ± 2.2d 135.0 ± 0.1b 18.8 ± 0.8b  7.1 ± 0.1b 
G24 Cooked 120.8 ± 0.3c 153.7 ± 1.4e 18.1 ± 0.3b  7.2 ± 0.4b 
G48 Cooked 118.9 ± 0.2b 155.0 ± 0.7f 15.1 ± 0.1a  5.9 ± 0.1a 







Values are mean ± SD (n=3) expressed on a dry weight basis. For each variety, means within a column with the same superscript letter are not significantly different 
(p>0.05) based on Tukey’s multiple comparison test. S6 Cooked=soaked for 6 hours and cooked, S12 Cooked=soaked for 12 hours and cooked, S18 Cooked=soaked 
for 18 hours and cooked, G24 Cooked=germinated for 24 hours and cooked, G48 Cooked=germinated for 48 hours and cooked, G72 Cooked=germinated for 72 







Table 5-4. Effect of soaking, germination and cooking on tannin and polyphenol contents and phytate:zinc and phytate:iron  
molar ratios of samples of three chickpea varieties  
 Values are mean ± SD (n=3) expressed on a dry weight basis. For each variety, means within a column with the same superscript letter are not significantly 
different (p>0.05) based on Tukey’s multiple comparison test. S6 Cooked=soaked for 6 hours and cooked, S12 Cooked=soaked for 12 hours and cooked, S18 
Cooked=soaked for 18 hours and cooked, G24 Cooked=germinated for 24 hours and cooked, G48 Cooked=germinated for 48 hours and cooked, G72 
Cooked=germinated for 72 hours and cooked. 
Treatment  Tannin 
(mg catechin/100 g)  
  Polyphenols 
(mg GAE/100 g) 
Phytate:zinc   
molar ratio 




Cooked 9.3 ± 3.0b 13.7 ± 0.8c 18.5 ± 0.7ab 12.3 ± 0.9ab  
S6 Cooked 8.4 ± 4.1a 11.9 ± 1.1ab 20.9 ± 0.6b 13.5 ± 0.7b 
S12 Cooked 8.1 ± 2.0a 11.8 ± 0.7a 17.4 ± 2.1ab 11.2 ± 0.3ab 
S18 Cooked 8.0  ± 0.6a 12.2 ± 1.3b 15.9 ± 1.4ab 10.6 ± 0.7ab 
G24 Cooked 8.0 ± 0.7a 12.0 ± 0.6ab 17.1 ± 1.5ab   9.8 ± 1.7ab 
G48 Cooked 7.8 ± 0.6a 12.0 ± 0.7b 13.6 ± 3.8a 11.7 ± 3.1ab 
G72 Cooked 7.7 ± 0.9a 12.1 ± 1.4b 14.5 ± 1.1a   8.4 ± 0.4a 
Mastewal 
Cooked 19.2 ± 1.6d 20.5 ± 0.4c 28.7 ± 1.1d 11.8 ± 0.4d 
S6 Cooked 19.1 ± 1.0cd  19.3 ± 0.7a 23.8 ± 1.8c 10.1 ± 0.6c 
S12 Cooked 19.0 ± 0.4c 19.4 ± 0.9a 24.4 ± 0.1c   9.9 ± 0.3c 
S18  Cooked 19.0 ± 0.4c 19.4 ± 0.4a 15.8 ± 0.2b   7.4 ± 0.2b 
G24 Cooked 18.7 ± 0.0b 19.8 ± 0.4b 16.4 ± 0.3b   6.9 ± 0.5b 
G48 Cooked 18.5 ± 0.6b 19.8 ± 0.9b 11.2 ± 0.2a   4.7 ± 0.4a 
G72 Cooked 18.1 ± 0.8a 19.7 ± 0.9b   8.2 ± 0.2a   3.7 ± 0.4a 
Local 
Cooked 21.0 ±1.7f 25.3 ± 0.43e 13.9 ± 0.3d 9.4 ± 0.1d 
S6 Cooked 18.2 ±0.4e 22.0 ± 0.33c 12.3 ± 0.3c 8.4 ± 0.2c 
S12 Cooked 17.5 ±0.4d 20.6 ± 0.08b   9.0 ± 0.1b 6.5 ± 0.2b 
S18 Cooked 16.9 ±0.5b  20.3 ± 0.13b  8.7 ± 0.1b 6.6 ± 0.0b 
G24 Cooked 17.3 ±1.3cd 22.2 ± 0.58d  9.1 ± 0.1b 6.6 ± 0.2b 
G48 Cooked 17.0 ±1.7bc 22.3 ± 1.41d  8.9 ± 0.1b 6.4 ± 0.0b 




5.3.3 Cooking Time and Sensory Attributes of Cooked Dry Bean and Chickpea 
The cooking times of dry bean and chickpea samples are presented in Table 5-5. The 
cooking time of unhydrated samples of dry bean varieties ranged from 38-107 min. Nasir and 
Hawassa Dume cooked much more quickly than did Red Wolaita, which took more than twice as 
long. The cooking times of unhydrated samples of chickpea varieties were significantly different 
and ranged from 45-106 min; the shortest cooking time was noted for Habru. Red Wolaita and 
Local had the longest cooking times of all samples. 
For both dry bean and chickpea, cooking time was significantly lower for soaked and 
germinated seed, with the exception of soaking (6 h), compared to seed cooked without pre-
treatment. For processed dry bean, cooking times ranged from 24-38 min for Hawassa Dume, 21-
36 min for Nasir and 81-99 min for Red Wolaita. Cooking times for processed chickpea ranged 
from 18-41 min, 28-62 min and 56-103 min for Habru, Mastewal and Local, respectively.  
The results of the initial sensory evaluation are presented in Table 5-6 and Table 5-7. The 
overall acceptability of dishes prepared from dry bean ranged from 5.8-6.7. The sensory attributes 
of most bean-based dishes were not significantly different from those of dishes prepared without 
pre-treatment, except for a lower appearance score for germinated (72 h)-cooked Red Wolaita. For 
chickpea-based dishes, the overall acceptability ranged from 5.6-7.1, i.e. from “neither like nor 
dislike” to “like moderately”. The sensory attributes of chickpea-based dishes were not 
significantly different from those of dishes prepared without pre-treatment, except for a lower 
appearance score for soaked (6 h)-cooked Mastewal and a lower taste score for germinated (72 h)-




Table 5-5. Impact of soaking and germination on cooking time of samples of three red dry 
bean and three chickpea varieties. 
Values are mean ± SD (n=3). For each variety, means within a column with the same superscript letter are not 
significantly different (p>0.05) based on Tukey’s multiple comparison test. S6 Cooked=soaked for 6 hours and 
cooked, S12 Cooked=soaked for 12 hours and cooked, S18 Cooked=soaked for 18 hours and cooked, G24 
Cooked=germinated for 24 hours and cooked, G48 Cooked=germinated for 48 hours and cooked, G72 
Cooked=germinated for 72 hours and cooked. 




 Hawassa Dume  Nasir Red Wolaita 
Cooked 42 ± 1c 38 ± 0.1c 107 ± 4d 
S6  Cooked 38 ± 1c 36 ± 0.2c 99 ± 2cd 
S12 Cooked 31 ± 5b 28 ± 1b 93 ± 11bc  
S18 Cooked 30 ± 1ab 26 ± 0.3b 85 ± 1bc 
G24 Cooked 26 ± 2ab 21 ± 1a 81 ± 1a 
G48 Cooked 24 ± 1a  21 ± 1a 81 ± 1a 
G72 Cooked 25 ± 1ab  21 ± 2a  81 ± 1a 
 
Chickpea 
 Habru Mastewal Local  
Cooked 45 ± 3b 63 ± 2b  106 ± 2c 
S6 Cooked 41 ± 5b 62 ± 2b  103 ± 2c 
S12 Cooked 19 ± 3a 30 ± 4a  65 ± 5b 
S18 Cooked 18 ± 2a 30 ± 1a  61 ± 1ba 
G24 Cooked 19 ± 2a 28 ± 2a  63 ± 2ba 
G48 Cooked 18 ± 2a 28 ± 2a  61 ± 5ba 







Table 5-6. Effect of soaking, germination and cooking on sensory attributes of samples of three dry bean varieties (n=15). 
Values are mean ± SD (n=3). Means within a row with the same superscript letter are not significantly different (p>0.05) based on Tukey’s multiple comparison 
test. S6 Cooked=soaked for 6 hours and cooked, S12 Cooked=soaked for 12 hours and cooked, S18 Cooked=soaked for 18 hours and cooked, G24 
Cooked=germinated for 24 hours and cooked, G48 Cooked=germinated for 48 hours and cooked, G72 Cooked=germinated for 72 hours and cooked. 
 
Dry bean Processing 
 
 




Hawassa Dume 6.2 ± 2.1ab 5.9 ± 2.6ab 6.4 ± 1.6b 5.7 ± 2.0ab 6.2 ± 2.1ab 4.9 ± 2.2ab 4.8 ± 1.9a 
Nasir  5.8 ± 2.1a 5.6 ± 1.9a 6.3 ± 1.3a 5.6 ± 1.5a 6.3 ± 1.3a 6.0 ± 1.9a 6.1 ± 1.8a 




Hawassa Dume 6.7 ± 1.8ab 7.2 ± 1.8b 5.9± 2.0a 5.8± 1.5a 6.7 ± 1.8ab 5.9± 2.0a 5.7± 1.6a 
Nasir  6.1 ± 1.9a 6.0 ± 1.9a 6.3±1.6a 6.0±2.0a 6.3 ± 1.6a 6.3±2.0a 6.2±2.0a 




Hawassa Dume 6.3 ± 2.0a 6.9 ± 1.6a 6.2 ± 1.8a 6.1 ± 2.0a 6.3 ± 2.0a 6.1 ± 2.1a 5.8 ± 2.4a 
Nasir  6.6 ± 2.1a 6.4 ± 2.0a 6.6 ± 1.6a 6.5 ± 1.6a 6.6 ± 1.6a 6.1 ± 1.4a 6.6 ± 1.6a 




Hawassa Dume 6.8 ± 2.1ab 7.4 ± 1.9b 6.0 ± 2.3a 5.9 ± 1.8a 6.8 ± 2.1ab 5.9 ± 1.9a 5.7 ± 2.0a 
Nasir  5.9 ± 2.0a 6.4 ± 1.8a 6.5 ± 1.5a 6.2 ± 1.6a 6.5 ± 1.5a 6.0 ± 1.8a 6.2 ± 2.0a 
Red Wolaita 6.1 ± 1.9a 6.2 ± 1.9a 6.4 ± 2.1a 6.2 ± 2.2a 6.4 ± 2.0a 6.4 ± 2.0a 6.2 ± 2.1a 
 
Overall acceptability score 
Hawassa Dume 6.6 ± 2.0a 6.7 ± 1.8a 6.6 ± 1.5a 5.9 ± 1.8a 6.6 ± 2.0a   5.9 ± 2.0a 5.8 ± 1.8a 
Nasir  6.3 ± 1.8a 6.2 ± 1.6a 6.3 ± 1.4a 6.2 ± 1.8a 6.3 ± 1.4a   6.1 ± 1.8a 6.0 ± 1.8a 







Table 5-7. Effect of soaking, germination and cooking on sensory attributes of samples of three chickpea varieties (n=15). 
Chickpea  Processing 
 
Cooked S6 Cooked S12 Cooked S18 Cooked G24 Cooked G48 Cooked G72 Cooked 
 
Appearance score 
Habru  6.5 ± 1.4ab 6.4 ± 1.4ab 7.1 ± 1.4ab 7.3 ± 1.53b 7.1 ± 1.5b 6.8 ± 1.8ab 6.2 ± 1.5a 
Mastewal 6.2 ± 1.9b 5.1 ± 1.5a 6.5 ± 1.3b 6.2 ± 1.8b 6.1 ± 1.6b 6.1 ± 1.6b 6.3 ± 1.4b 
Local  6.3 ± 1.6a 5.9 ± 1.6a 6.7 ± 1.0a 6.6 ± 1.9a 6.5 ± 1.5a 6.0 ± 1.8a 6.2 ± 1.6a 
 
Texture score 
Habru  6.5 ± 1.5ab 6.4 ± 1.4ab 6.9 ± 1.5ab 7.1 ± 1.5b 7.1 ± 1.3b 6.8 ± 1.3ab 5.9 ± 1.5a 
Mastewal 6.2 ± 1.7a 5.5 ± 1.8a 6.4 ± 1.3a 6.3 ± 1.6a 6.4 ± 1.3a 6.2 ± 1.7a 6.0 ± 1.4a 
Local  6.4 ± 1.3a 6.5 ± 1.3a 6.1 ± 1.1a 6.3 ± 1.8a 6.4 ± 1.5a 5.8 ± 1.8a 5.8 ± 1.3a 
 
Odour score 
Habru  6.8 ± 1.6ab 6.4 ± 1.5ab 7.1 ± 1.2ab 7.3 ± 1.6b 7.2 ± 1.2b 6.8 ± 1.6ab 6.0 ± 1.6a 
Mastewal 6.3 ± 1.9ab 5.6 ± 1.6a 6.4 ± 1.4ab 6.6 ± 1.4b 6.4 ± 1.4ab 6.5 ± 1.3b 6.6 ± 1.3b 
Local  6.4 ± 1.9a 6.5 ± 1.6a 6.8 ± 1.4a 6.9 ± 1.5a 6.8 ± 1.6a 6.3 ± 1.7a 6.6 ± 1.8a 
 
Taste score 
Habru  6.7 ± 1.6b 6.4 ± 1.6ab 6.2 ± 1.8ab 6.8 ± 1.7b 6.6 ± 1.6ab 6.9 ± 1.6b 5.6 ± 1.8a 
Mastewal 6.5 ± 1.7a 5.9 ± 1.5a 6.6 ± 1.3a 6.6 ± 1.5a 6.7 ± 1.4a 6.6 ± 1.3a 6.0 ± 1.7a 
Local  6.3 ± 1.4ab 6.5 ± 1.1ab 6.3 ± 1.4ab 6.4 ± 1.5ab 6.5 ± 1.5ab 6.7 ± 1.4b 5.7 ± 1.8a 
 
Overall acceptability score 
Habru  6.8 ± 1.4ab 6.3  ± 1.4ab 6.9 ± 1.5ab 7.1 ± 1.5b 7.0 ± 1.4b 6.9 ± 1.3ab 6.1 ± 1.5a 
Mastewal 6.3 ± 1.6ab 5.6  ± 1.6a 6.6 ± 1.3ab 6.5 ± 1.5ab 6.7 ± 1.1b 6.6 ± 1.3b 6.1 ± 1.6ab 
Local  6.3 ± 1.5a 6.5  ± 1.2a 6.1 ± 1.6a 6.6 ± 1.4a 6.8 ± 1.2a 6.5 ± 1.4a 6.0 ± 1.7a 
Values are mean ± SD (n=3). Means within a row with the same superscript letter are not significantly different (p>0.05) based on Tukey’s multiple comparison 
test. S6 Cooked=soaked for 6 hours and cooked, S12 Cooked=soaked for 12 hours and cooked, S18 Cooked=soaked for 18 hours and cooked, G24 





Sub-samples of bean-based and chickpea-based dishes were evaluated in a second phase 
of sensory evaluation. The longest soaked (18 h)-cooked and germinated (72 h)-cooked were 
selected for the second phase of sensory evaluation, since the results from the initial evaluation 
indicated that the scores for the sensory attributes of most dishes were comparable. Results for 
dishes prepared from dry bean that had been soaked (18 h)-cooked or germinated (72 h)-cooked 
and which were evaluated in a dry bean growing community, Hawassa Zuriya, are presented in 
Figure 5-4. The bean-based dishes prepared from soaked-cooked or germinated-cooked dry bean 
received either significantly higher or not significantly different sensory attribute scores compared 
to controls, except for Nasir germinated (72 h)-cooked. Results for sensory evaluation (carried out 
in Ziway Zuriya) of dishes prepared from chickpea which had been soaked (18 h)-cooked or 
germinated (72 h)-cooked are presented in Figure 5-5. Scores for appearance, texture, taste and 
overall acceptability of dishes prepared from soaked (18 h)-cooked Habru were significantly lower 
than those of the controls, as were scores for texture, taste and overall acceptability of soaked (18 































Figure 5-4. Effect of processing on consumer sensory scores of samples of three dry bean-
based dishes at Hawassa Zuriya (n=60). 
Values are mean ± SD. Bars without a common letter (a,b) are significantly different (p<0.05) based on Tukey’s 





























Figure 5-5. Effect of processing on consumer sensory 
scores of samples of three chickpea-based dishes at 
Ziway Zuriya (n=60). 
Values are mean ± SD. Bars without a common letter (a,b,c) are 
significantly different (p<0.05) based on Tukey’s multiple 
comparison test.  
 
 
5.4 Discussion  
In this study, the effect of soaking, germination, cooking and their combinations on nutrient 
and anti-nutrient contents, cooking time and acceptability of samples of three dry bean and three 
chickpea varieties grown in Ethiopia were investigated. As dry bean and chickpea go through 
different processing and cooking regimes prior to consumption, understanding the changes in 
nutrient and anti-nutrient composition which occur during common, household-level processing is 




5.4.1 Protein and Mineral Contents of Raw and Fermented Dry Bean and Chickpea  
In the current study, an increase in protein content was observed during germination (72 
h)-cooking of Local and Mastewal samples. An increase in protein content during germination and 
cooking has been reported by others (Alonso et al., 2000; El-Adawy, 2002; Khalil et al., 2007; 
Masood et al., 2014; Wang et al., 2010). The increase in protein content could be due to the 
utilization of major storage compounds such as carbohydrate, leading to changes in the relative 
concentrations of other components (Khalil et al., 2007). A longer processing time may lead to a 
higher loss of dry matter, as evidenced in a recent study which reported a 16.4% increase in protein 
in chickpea germinated for 171 h (Domínguez-Arispuro et al., 2018). In line with this, the increase 
in protein in this study was noted particularly in germinated (72 h)-cooked samples, which could 
be attributed to a higher dry matter loss as compared to the other processing regimes. A similar 
increase in protein was not observed for dry bean samples, except for Nasir germinated for 72 h. 
This was not surprising, as changes in protein content have been shown to be species specific 
(Ahmed, Abdel-Rahim, Abdel-Fatah, Erdmann, & Lippmann, 1995; Alonso et al., 2000; Kuo, 
Rozan, Lambein, Frias, & Vidal-Valverde, 2004).  
Germination, soaking and cooking of pulses have been reported to affect mineral contents. 
However, the direction of the effect is not consistent in literature reports. Some studies reported 
that iron content increased during germination and soaking (El-Adawy, 2002). On the contrary, 
others reported a reduction (ElMaki et al., 2007; Sangronis and Machado, 2007; Bains et al., 2014), 
and other groups have reported a non-significant effect (Berhanu et al., 2014; Trugo et al., 1999; 
Wang et al., 2010). A similar pattern was observed for zinc content; other studies have reported an 
increase (El-Adawy, 2002; Sangronis & Machado, 2007), a decrease (ElMaki et al., 2007) or a 




2010). Part of the explanation for the effect of germination and soaking on the mineral contents of 
dry bean and chickpea is the leaching into the soaking water that occurs at rates which vary among 
pulses and minerals (El-Adawy, 2002). The type of water used also was reported to influence 
mineral content. Differences in the effect on mineral content for the same food processing 
treatment could be due to differences in the location of minerals in the seed (Raes, Knockaert, 
Struijs, & Van Camp, 2014), or differences in seed coat thickness, as this would affect water 
absorption capacity which would in turn affect the leaching of nutrients. For example, a previous 
study noted that Desi-type chickpea had a 1.2 to 2 times thicker seed coat than Kabuli-type 
chickpea (Wood, Knights, & Choct, 2011).  
 
5.4.2 Anti-nutrient Content and Phytate:zinc and Phytate:iron Molar Ratios of Processed 
Dry Bean and Chickpea Samples 
Nearly all of the processing regimes employed reduced the levels of phytate significantly. 
Similar findings have been reported for both dry bean (Khattab & Arntfield, 2009; Nergiz & 
Gökgöz, 2007; Rehman & Shah, 2005; Shimelis & Rakshit, 2008) and chickpea (Alajaji & El-
Adawy, 2006; Egli, Davidsson, Juillerat, Barclay, & Hurrell, 2002b; Rehman & Shah, 2005). The 
reasons stated for the reductions were activation of phytase, an enzyme that degrades phytate, and 
leaching due to the water soluble nature of phytate (Egli et al., 2002; Khalil et al., 2007). In the 
current study, the most pronounced phytate reductions were observed in germinated (48 and 72 
h)-cooked samples, presumably due to higher phytase activity in germinated (48 and 72 h)-cooked 
samples than in germinated (24 h)-cooked samples. These findings are consistent with the increase 




Under the experimental conditions in this study, almost all processing resulted in 
reductions in tannin levels, with the maximum reduction observed for germination-cooking for 
both dry bean and chickpea. Reductions in tannin contents of dry bean and chickpea during soaking 
and germination, with or without cooking, have been reported by others (Alajaji & El-Adawy, 
2006; Khandelwal, Udipi, & Ghugre, 2010; Khattab & Arntfield, 2009; Rehman & Shah, 2005).  
Most germinated-cooked samples had significantly lower polyphenol contents than did 
their counterparts which were cooked without pre-treatment, but these reductions were less than 
for most soaked-cooked samples of the same variety. A study that assessed the effect of processing 
on individual phenolic compounds in bean, lentil and pea reported a decrease in phenolic 
compounds during soaking and the appearance of phenolic compounds, which were not detected 
in raw samples, during germination (López-Amorós, Hernández, & Estrella, 2006). De novo 
synthesis and transformation were reported to cause changes in phenolic contents during 
germination (Gan et al., 2017). This may explain why a larger reduction of polyphenols was 
observed in soaked-cooked than in germinated-cooked samples. In addition, the reduction in 
polyphenol contents during soaking could be attributed to leaching. Another study carried out to 
assess the impact of germination and cooking on polyphenols in dietary fibre fractions of bean and 
lentil reported increased polyphenol contents due to germination (Dueñas et al., 2016). Other 
studies (Domínguez-Arispuro et al., 2018; Mamilla & Mishra, 2017) also have reported increased 
polyphenol contents upon germination. On the other hand, reductions in polyphenol content due 
to these processing techniques have been reported (Alonso et al., 2000; Khandelwal et al., 2010; 
Yasmin et al., 2008). A recent review pointed out that the inconsistency could be partly due to 
results being expressed on a wet weight vs. a dry weight basis (Gan et al., 2017). However, this 




the techniques used for germination and quantification of polyphenols may have contributed as 
well.  
Phytate:zinc and phytate:iron molar ratios have been used to predict mineral bioavailability 
in plant-based diets (Bel-Serrat et al., 2014; Hotz & Gibson, 2007). For example, a study that 
investigated the effects of soaking and germination for different times (36, 48 and 60 h) reported 
maximum reductions in the phytate:iron molar ratio from 11.04-6.26 and in the phytate:zinc molar 
ratio from 31.66-16.84 during germination (Bains et al., 2014). In this study, germination (48 and 
72 h)-cooking resulted in lower phytate:zinc and phytate:iron molar ratios than did cooking 
without pre-treatment for most dry bean and chickpea samples.  
 
5.4.3 Cooking Time and Sensory Attributes of Cooked Dry Bean and Chickpea 
Cooking time is one of the important parameters that impact the preferences of consumers. 
The Kabuli variety, Habru, was superior in terms of having the shortest cooking time and large 
seed size. Red Wolaita and Local had the longest cooking times, and even though the community 
has been using these varieties, they probably would not be the preferred choice of consumers if 
offered alongside newer, faster cooking varieties. In a study carried out in Southern Ethiopia, 
approximately 80% of consumers indicated that they were influenced by grain size (Tefera, 2013). 
Similarly, a study carried out to determine consumer preference and its relationship to sensory and 
physico-chemical properties reported that large-seeded pulses were the most preferred (Mkanda et 
al., 2007). ElMaki et al. (2007) argued that germination will add to women’s workloads and 
change organoleptic properties. However, a reduction in cooking time due to soaking and 
germination of chickpea and dry bean has been reported (Correaa et al., 2010; Khattak et al., 2007). 




evaluation revealed that scores for the pre-treated samples remained within the acceptable range 
of “neither like nor dislike” to “like moderately”, with only a few exceptions. Previous studies 
have indicated consumer acceptance of germinated pulses used in various recipes (Berhanu et al., 
2014; Sattar et al., 2017). On the other hand, Khalil et al. (2007) reported a deleterious effect of 
sprouting on the appearance of cooked seed, where a lower score was given to sprouted (96 h) 
samples. Such an impact was not apparent in the current study, probably because of the shorter 
germination time employed.   
 
5.5 Conclusion 
Overall, the nutrient composition (protein, zinc, iron and calcium) of most soaked-cooked 
and germinated-cooked dry bean and chickpea samples was not significantly altered as compared 
to samples cooked without pre-treatment. Generally, longer germination (48 and 72 h)-cooking for 
dry bean (Hawassa Dume, Nasir, Red Wolaita) and chickpea (Mastewal) samples and germination 
(72 h)-cooking for the Local chickpea sample were satisfactory processes in terms of cooking time, 
tannin, and phytate:zinc and phytate:iron molar ratio reduction. These food processing strategies 
can be used without a deleterious influence on sensory attributes. The results also reinforced that 
these strategies could improve cooking time, thus the longest cooking times noted for Red 
Wolayita dry bean and Local chickpea may not influence consumer preference if cooked after 
soaking or germination. These observations are relevant to designing food-based strategies for 




Chapter 6  
Iron Bioavailability of Soaked-cooked, Germinated-cooked and Fermented Dry 
Bean and Chickpea Measured Using the Caco-2 Cell Intestinal Absorption 
Model 
 
In continuation of the determination of nutrient and anti-nutrient contents of processed dry 
bean and chickpea as presented in Chapters 4 and 5, in vitro digestion coupled with Caco-2 cell 
culture was used to determine iron bioavailability, and the findings are presented in this chapter. 
The index used for iron bioavailability was the formation of ferritin in Caco-2 cells following 
exposure to food digests. The food digests used in this experiment were prepared from samples of 
dry bean and chickpea varieties by applying the household-level food processing strategies 
described in Chapters 4 and 5. The purpose of this study was to meet objective 5 of the thesis: to 
determine the iron bioavailability of soaked-cooked, germinated-cooked and fermented samples of 




Iron deficiency, common in communities consuming diets without much diversity and 
dependent mainly on plant-source foods, has severe health consequences. Soaking, germination 
and fermentation have the potential to influence iron bioavailability because they impact absorption 
inhibitors. The objective of this study was to compare iron bioavailability in soaked-cooked, 
germinated-cooked and fermented dry bean (Hawassa Dume, Nasir and Red Wolaita) and chickpea 
(Habru, Mastewal and Local) samples using Caco-2 cell culture coupled with in vitro digestion. 




formation (better iron bioavailability) in Caco-2 cells exposed to Habru digests compared to digests 
of the other samples of dry bean and chickpea used in the study. Overall, soaking (18 h)-cooking 
resulted in higher ferritin formation for the dry bean samples. On the other hand, soaked (12 h)-
cooked and germinated (72 h)-cooked for Habru, soaked (12 and 18 h)-cooked and germinated (72 
h)-cooked for Local, and germinated (72 h)-cooked for Mastewal chickpea resulted in higher 
ferritin formation compared to samples cooked without pre-treatment. Fermentation for 72 h was 
effective in increasing ferritin formation in all dry bean samples but not in chickpea samples, with 
the exception of Habru. Soaking, germination and fermentation are promising methods for 
improving iron bioavailability. However, since their effectiveness varies for different types and 
varieties of pulses, processing strategies must be carefully selected.  
 
6.1 Introduction 
Iron deficiency has severe health consequences, including reduced productivity and work 
performance, poor development, low birth weight, premature birth and increased risk of infections 
(Coad & Conlon, 2011; Deribew et al., 2016; Grantham-McGregor & Ani, 2001; Haas & Brownlie, 
2001). Studies have reported iron deficiency in communities that consume a non-diversified diet 
dependent mainly on plant-source foods, such as cereal- and pulse-based foods (Desalegn et al., 
2014; Zimmermann et al., 2005). Among plant-source foods, pulses are key contributors to 
alleviating micronutrient deficiency due to their nutritional quality (Costa, Queiroz-Monici, Reis, 
& Oliveira, 2006; Wang, Hatcher, Tyler, Toews, & Gawalko, 2010). Largely due to their nutrient 
and economic potential, the production of pulses is increasing worldwide (Chandra-Hioe et al., 
2016). Several specific factors can be attributed to this growth: first, the rich nutritional profile of 




(Tharanathan & Mahadevamma, 2003); second, pulses are favoured by many agricultural 
operations and communities because their nitrogen fixing capability helps improve soil fertility and 
yield; third, pulses have high dietary fibre content and low glycemic index, making them 
appropriate for overweight and obesity, as well as various metabolic disorders such as diabetes and 
hyperlipidemia (Ramdath, Renwick, & Duncan, 2016); finally, their high protein and mineral 
contents make them suitable for tackling undernutrition. However, to improve the impact of pulses, 
the bioavailability of minerals contained within them needs to be improved. As demonstrated in a 
longitudinal study in rural Africa, the low bioavailability of iron from a pulse- and cereal-based 
diet can be a cause of iron deficiency in children (Zimmermann et al., 2005). Studies have shown 
that phytate, calcium and tannin and other iron-binding polyphenols are major inhibitors of iron 
absorption (Sandberg, 2010). Other researchers have demonstrated that these iron bioavailability 
inhibitors can be modified by household-level food preparation techniques such as soaking, 
germination, fermentation and cooking (Rahman, Sana, Hasan, Huque, & Shaha, 2008; Sangronis 
& Machado, 2007; Shimelis & Rakshit, 2008; Wang et al., 2010).  
In vivo and in vitro studies have been used to determine iron bioavailability in pulses and 
pulse-based food products. In vivo studies are expensive, time-consuming and associated with 
ethical constraints (Scheers, Almgren, Sandberg, & Sofie, 2014). However, in vitro methods serve 
as important tools for screening samples before carrying out human or animal studies. A Caco-2 
cell intestinal absorption model coupled with in vitro digestion was developed and used 
successfully to determine iron bioavailability (Glahn, Lee, Yeung, Goldman, & Miller, 1998). 
Although the Caco-2 cell model can not measure the impact of systemic factors such as human iron 
status (DellaValle & Glahn, 2014; Sandberg, 2010), the high-throughput, sensitivity and validity 
of the model have made it useful (Glahn et al., 2017). Compared to human studies, the results 




iron uptake in Caco-2 cells (Follett, Suzuki, & Lönnerdal, 2002; Glahn et al., 2002; Kalgaonkar & 
Lönnerdal, 2008; Yun, Habicht, Miller, & Glahn, 2004). As described in several reports, the 
synthesis of ferritin in Caco-2 cells following exposure to food digests expressed as ng ferritin/mg 
cell protein has been used as an index for iron bioavailability of pulses (Ariza-Nieto et al., 2007; 
Dellavalle, Vandenberg, & Glahn, 2013; Tako, Blair, & Glahn, 2011; Tako, Vandenberg, et al., 
2011).  
Even though several studies have assessed the impact of household-level food processing 
on nutrient and anti-nutrient contents of pulses, studies that have taken an approach comparing the 
effect of these different processes over a period of time using a Caco-2 cell bioavailability 
assessment technique are limited. The objective of this study was to determine the iron 
bioavailability of soaked-cooked, germinated-cooked and fermented dry bean (Red Wolaita, Nasir 
and Hawassa Dume) and chickpea (Habru, Mastewal and Local) samples using Caco-2 cell culture 
coupled with in vitro digestion.   
 
6.2 Materials and Methods 
All chemicals and reagents used were of analytical grade. Deionized water (ACS Reagent 
Grade, ASTM Type I, ASTM Type II) was obtained from VWR, Mississauga, ON, Canada. 
Samples of two dry bean (Hawassa Dume and Nasir) and two chickpea (Habru and 
Mastewal) varieties were obtained from Hawassa Agricultural Research Centre, Hawassa, 
Ethiopia, and from Debre Zeit Agricultural Research Centre, Bishoftu, Ethiopia respectively. 
Samples of local varieties of dry bean (Red Wolaita) and chickpea (Local) were purchased from a 
farmer in Wolaita, Ethiopia, and from a market in Hawassa, Ethiopia, respectively. The dry bean 
and chickpea samples were subjected to several types of food processing: soaking-cooking, 




were soaked for 6, 12, or 18 h in deionized water (1:3, w/v) at room temperature in closed 
containers. The germinated-cooked samples were prepared by soaking for 12 h, followed by 
germination for 24, 48 or 72 h. All soaked and germinated samples, as well as unprocessed seed, 
were cooked by being boiled in water (1:5, w/v) on a stove top. The dry bean and chickpea flour 
were mixed with deionized water at a solids to water ratio of 1: 5 (w/v) and left to naturally ferment 
in a flask covered with aluminum foil for 24, 48 or 72 h.  
 
6.2.1 Sample Preparation 
The food samples (0.5 g) were weighed in triplicate, and controls were prepared for 
analysis, along with the food samples. Blank digests were prepared in triplicate without any food 
added to the tubes to monitor baseline levels of cell ferritin. Additional controls were prepared with 
FeCl3 and FeCl3/AA (ascorbic acid) separately in triplicate. CDC lentil was used in all experiments 
as an internal quality control.  
 
6.2.2 Caco-2 Cell Culture 
Iron bioavailability was determined by Caco-2 cell culture coupled with in vitro digestion, 
as described by Glahn et al. (1998). The method is described briefly in the sections below. The 
Caco-2 cell experiment was conducted in the laboratory of Dr. Raymond Glahn, United States 
Department of Agriculture-Agriculture Research Service (USDA-ARS), Robert W. Holley Center 
for Agriculture and Health, Ithaca, New York, USA. Caco-2 cells obtained from the American 
Type Culture Collection (Rockville, MD, USA) at passage 17 were used at passage 34-36 in the 
current study. Cells were seeded at a density of 50,000 cells/cm2 in collagen-treated, 6-well plates 
and grown in Dulbecco's modified Eagle's medium (GIBCO, Grand Island, NY, USA) with 10% 




(GIBCO). The cells were maintained at 37°C in an incubator with a 5% CO2-95% air atmosphere 
at 90% constant humidity. The medium was changed every second day. The cells were used for 
the experiment 13 days post-seeding. A day before the experiment was conducted, the medium was 
removed from the plates containing cells, and 2 mL of warmed Minimum Essential Medium 
(MEM, #41500, GIBCO, Grand Island, NY, USA) was added. The plates were then returned to the 
incubator.  
 
6.2.3 In vitro Digestion 
Pepsin and pancreatin-bile solutions were freshly prepared on the day of the experiment. 
Pepsin solutions were prepared by weighing 1 g pepsin (Sigma #P-7000, ≥250 units/mg solid, Saint 
Louis, MO, USA) in 25 mL of 0.1 M HCl. Chelex-100 (142-2832, Bio-Rad Laboratories, Life 
Science Group, Hercules, CA, USA) was added to the solution and mixed by shaking for 30 min. 
The mixture was then poured into a 1.6-cm filtration column (VWR #KT420400-1520, Atlanta, 
GA, USA) and the filtrate was collected. Pancreatin-bile solution was prepared by weighing 0.35 
g pancreatin (Sigma #P-1750, 4 X USP specification) and 2.1 g bile extract (Sigma #B-8631) and 
mixing in 175 mL of 0.1M NaHCO3. Chelex-100 (Bio-Rad Laboratories, 87.5 g) was poured into 
the mixture by shaking for 30 min. The slurry was then poured into a filtration column 
(#KT420400-1530, VWR), and the filtrate was collected.  
Immediately after the solutions were prepared, 10 mL of 140 mM NaCL, 5 mM KCL 
solution was added to each food sample. Pepsin solution (0.5 mL) was added to each of the samples, 
which were then placed on a rocker in an incubator at 37°C with a 5% CO2-95% air atmosphere 
for 1 h. Before the termination of the pepsin digestion, the cells were prepared for the next steps. 
Medium was removed from the cells, and 1 mL of MEM was added to each well. An insert 




bubbles, which created upper and lower chambers. Inserts were prepared in advance by cutting 66 
pieces of dialysis membrane (Spectrum Laboratories, #132123, 15,000 MWCO, Rancho 
Dominguez, CA, USA) of approximately 2 inches in length, and soaking and rinsing in 18.2 M 
water. The dialysis membrane was then held in place with silicone O-rings (Web Seal, Rochester, 
NY, USA).  
After a 1-h incubation, samples were removed from the incubator and the pH was adjusted 
to 5.5 -6.0 with 1.0 M NaHCO3. Pancreatin-bile solution (2.5 mL) was added to the samples. The 
pH was readjusted to pH 6.9-7.0 by dropwise addition of 1.0 M NaHCO3. The volume of the 
samples was then adjusted to tube weight plus 15 g using a 140 mM NaCl, 5 mM KCL, pH 6.7 
solution. One and one-half millilitres of the solution was transferred to the inserts on the plates. 
The plates were then placed on the rocker in the incubator for 2 h, after which the inserts were 
carefully removed and 1 mL of MEM was added to each well. The plates were then returned to the 
incubator. 
 
6.2.4 Harvesting of Caco-2 Cells 
After 18 h, the media was aspirated from the cells. The cells were then rinsed twice with 2 
mL of rinse solution (130 mM NaCl, 5 mM KCL, 5 mM PIPES, pH 6.7). The solution was aspirated 
from the cells, and 2 mL of 18.2 M water was added. The plates were sonicated for 15 minutes 
at 4C. Finally, the cells were harvested for protein and ferritin assays.  
 
6.2.5 Ferritin and Protein Analysis  
The Caco-2 cell ferritin content was measured using an enzyme immunoassay (SPECTRO 




instructions. Caco-2 cell protein was measured using a Bio-Rad DC protein assay kit (Bio-Rad 
Laboratories) following the manufacturer’s instructions. The index for iron bioavailability was 
calculated as ng ferritin/mg cell protein.  
 
6.2.6 Statistical Analysis 
Data were analyzed using SPSS version 20.0 for Windows. Results are expressed as mean 
± standard deviation. Analysis of Variance with Tukey’s test was used to determine means that 
were statistically different. A Pearson correlation analysis was conducted to determine the 
relationships between iron bioavailability and phytate, polyphenol, tannin, iron and calcium.  
 
6.3 Results 
6.3.1 Iron Bioavailability of Samples of Bean and Chickpea  
Statistical comparisons of iron bioavailability were made between samples of the raw dry 
bean and chickpea varieties, between soaked-cooked, germinated-cooked, and cooked without pre-
treatment dry bean and chickpea samples, and between fermented and unfermented dry bean and 
chickpea samples. Iron bioavailability following exposure of Caco-2 cells to raw dry bean and 
chickpea is presented in Figure 6-1. There was significantly higher ferritin formation in cells 





















Figure 6-1. Comparison of ferritin formation in Caco-2 cells exposed to raw samples of 
three dry bean and three chickpea varieties.  
Values are mean ± SD (n=3). Bars without a common letter (a, b) are significantly different (p<0.05) 
based on Tukey’s multiple comparison test. HD=Hawassa Dume, RW=Red Wolaita. 
 
6.3.2 Effect of Soaking, Germination and Cooking on Iron Bioavailability of Samples of 
Three Dry Bean and Three Chickpea Varieties as Measured by Caco-2 Cell Ferritin 
Formation   
The effects of household-level food processing on iron bioavailability in samples of cooked, 
soaked-cooked, and germinated-cooked dry bean are shown in Figure 6-2. As evidenced in the 
figure, soaked (12 and 18 h)-cooked resulted in significantly higher ferritin formation in Hawassa 
Dume and Red Wolaita, whereas soaked (18 h)-cooked resulted in significantly higher ferritin 


















Figure 6-2. Effect of soaking, germination and cooking on iron bioavailability of samples of 
three bean varieties as measured by Caco-2 cell ferritin formation.   
Values are mean ± SD (n=3). Bars without a common letter (a,b,c,d) are significantly different (p<0.05) 
based on Tukey’s multiple comparison test. C=cooked without pre-treatment, S6=soaked for 6 h and 
cooked, S12=soaked for 12 h and cooked, S18=soaked for 18 h and cooked, G24=germinated for 24 h and 
cooked, G48=germinated for 48 h and cooked, G72=germinated for 72 h and cooked. 
 
The effects of household-level food processing on iron bioavailability in samples of 
chickpea are shown in Figure 6-3. The highest iron bioavailability was observed in soaked (12 h)-
cooked and germinated (72 h)-cooked for Habru, soaked (12 and 18 h)-cooked and germinated (72 





















Figure 6-3. Effect of soaking, germination and cooking on iron bioavailability of samples of 
three chickpea varieties as measured by Caco-2 cell ferritin formation.  
Values are mean ± SD (n=3). Bars without a common letter (a,b,c,d) are significantly different (p<0.05) 
based on Tukey’s multiple comparison test. C=cooked without pre-treatment, S6=soaked for 6 h and 
cooked, S12=soaked for 12 h and cooked, S18=soaked for 18 h and cooked, G24=germinated for 24 h and 
cooked, G48=germinated for 48 h and cooked, G72=germinated for 72 h and cooked. 
 
 
6.3.3 Effect of Fermentation on Iron Bioavailability of Samples of Three Bean and Three 
Chickpea Varieties as Measured by Caco-2 Cell Ferritin Formation   
The effects of fermentation on iron bioavailability in samples of dry bean are shown in 




bean samples compared to the unfermented counterparts, whereas 48 h of fermentation also 















Figure 6-4. Effect of fermentation on iron bioavailability of samples of three bean varieties 
as measured by Caco-2 cell ferritin formation. 
Values are mean ± SD (n=3). Bars without a common letter (a,b,c,d) are significantly different (p<0.05) 
based on Tukey’s multiple comparison test. F24=fermented for 24 h, F48=fermented for 48 h, 
F72=fermented for 72 h.  
 
The effects of fermentation on iron bioavailability in samples of chickpea are shown in 
Figure 6-5. Fermentation for 72 h resulted in a significant increase in ferritin formation in Habru 
compared to the unfermented counterparts. However, the different fermentation times applied to 













Figure 6-5. Effect of fermentation on iron bioavailability of samples of three chickpea 
varieties as measured by Caco-2 cell ferritin formation. 
Values are mean ± SD (n=3). Bars without a common letter (a,b,c,d) are significantly different (p<0.05) 
based on Tukey’s multiple comparison test. F24=fermented for 24 h, F48=fermented for 48 h, 
F72=fermented for 72 h.  
 
6.3.4 Correlation between Iron Bioavailability Measured by Caco-2 Cell Ferritin 
Formation versus Selected Nutritional Factors in Processed Three Dry Bean and 
Three Chickpea Samples 
Correlation coefficients for the iron bioavailability as measured by the Caco-2 cell model 
versus nutrient and anti-nutrient of interest (phytate, polyphenols, tannin, iron and calcium) are 




bioavailability and polyphenols, iron bioavailability and tannin, and iron bioavailability and 
calcium. 
  
Table 6-1. Pearson correlation coefficients between iron bioavailability (ng ferritin/mg 
protein) versus phytate, polyphenols, tannin, iron, and calcium contents of processed three 
bean and three chickpea samples. 
** Correlation is significant at the 0.01 level  
*   Correlation is significant at the 0.05 level  
 
6.4 Discussion 
The dietary iron present in any food consumed has to pass through multiple stages before 
its utilization or storage in the body; these stages include release from the food matrix, uptake into 
enterocytes and transepithelial transport into the circulatory system (Sandberg, 2010). Caco-2 cell 
culture on Transwell inserts coupled with in vitro digestion was designed to measure those stages 
that occur prior to the storage and utilization of iron. The term “iron bioavailability” has been used 
extensively in the nutrition literature and in the Caco-2 cell model in reference to the stages 
described earlier (Bangar et al., 2017; Beiseigel et al., 2006; Dellavalle, Vandenberg, & Glahn, 
2013; Flores, Dobbs, & Dunn, 2015; Glahn et al., 2017; Tako, Vandenberg, Thavarajah, 
Thavarajah, & Glahn, 2011; Vaz-Tostes, Verediano, de Mejia, & Costa, 2016). However, there is 
no consensus on the terminology, and some studies have used the term “iron bioaccessibility”. In 
 Iron bioavailability  
            versus 
Chickpea samples 
Phytate Polyphenols  Tannin  Iron  Calcium  
Habru  0.116  -0.524** -0.497** 0.136 -0.328* 
Mastewal 0.115 -0.520** -0.496** 0.131 -0.328* 
Local  0.172 -0.654** -0.439** 0.132 -0.328* 
 
Dry bean samples  
Hawassa Dume  0.068 -0.444** -0.282* 0.165 -0.300* 
Nasir  0.057 -0.596** -0.295* 0.135 -0.290* 




this study, the most common terminology, ‘iron bioavailability’, was used to be consistent with the 
current literature. Pulses such as dry bean and chickpea are good sources of iron but also contain 
substantial amounts of iron bioavailability inhibitors such as phytate and polyphenols (Sandberg, 
2002). Iron bioavailability inhibitors are known to exert their impact on iron available for uptake 
into the enterocytes. In this study, it is hypothesised that soaking-cooking, germination-cooking, 
and fermentation applied to dry bean and chickpea would reduce the levels of these inhibitors and 
thus impact iron bioavailability measured with the Caco-2 cell culture model.  
Among the unprocessed dry bean and chickpea flours, cells exposed to Habru (Kabuli-type 
chickpea) showed higher ferritin formation, indicating better iron bioavailability than any other dry 
bean and chickpea flour used in the study. This higher iron bioavailability could be due to Habru’s 
relatively low level of polyphenols. Habru is a Kabuli-type chickpea, which is known to have lower 
levels of polyphenols than the Desi-type chickpea (Segev et al., 2010) and the pigmented dry bean. 
Polyphenol contents were 15 mg GAE/100 g in Habru and 24.1- 180 mg GAE/100 g in the other 
bean and chickpea samples (see Chapter 4). In this study, polyphenol would be expected to impact 
bioavailability since whole seeds were used. Several authors also have reported the role of 
polyphenols in inhibiting iron absorption (Dellavalle et al., 2013; Hart, Tako, & Glahn, 2017; 
Sandberg, 2002; Sharma, Singh, Sharma, Kumar, & Yadav, 2016; Tako et al., 2014; Tako & Glahn, 
2010).  
No significant difference in ferritin formation was observed among the unprocessed dry 
bean varieties. All bean varieties were red in colour, and the lack of significant difference in ferritin 
formation among the dry bean varieties could be due to their relatively similar nutrient and anti-
nutrient profiles. Similar results were reported by Ariza-Nieto et al. (2007). They assessed ferritin 




significantly different ferritin levels than the other four,, and no significant differences were noted 
among the remaining varieties.  
Contrary to what was expected, dry bean samples subjected to soaking (12 and 18 h)-
cooking but not germination-cooking caused an increase in ferritin formation. In a review of studies 
that assessed the impact of soaking and germination on bean and chickpea, in general, germination 
caused greater reduction in phytate than did soaking (Haileslassie, Henry, & Tyler, 2016). Higher 
iron bioavailability was thus expected to be found in germinated-cooked than in soaked-cooked 
samples. A recent study noted that phytate reduction resulted in a decrease in iron uptake by Caco-
2 cells and suggested that the phytate reduction could have increased the potential of polyphenols 
to form complexes with iron (Glahn et al., 2017). This could partly explain the increase in 
bioavailability in soaked (18 h)-cooked rather than in germinated-cooked dry bean samples. Ariza-
Nieto et al. (2007), in their study of eight bean varieties, concluded that polyphenols had higher 
inhibitory impact on iron bioavailability measured using the Caco-2 cell model than did phytate. 
The other explanation for the absence of an increase in iron bioavailability in the germinated-
cooked beans in the current study could be the production of polyphenols during germination (see 
Chapter 5). Similar findings were reported by Gan et al. (2017) and López-Amorós et al. (2006). 
Petry et al. (2015) has reported that a slight increase in polyphenols has the potential to reduce iron 
bioavailability by 18%. An approximately 4-mg difference between white bean and red bean with 
similar phytate contents, but significantly lower iron content in the red bean, resulted in a higher 
ferritin level in Caco-cells exposed to white bean (Tako & Glahn, 2010). Similar results have been 
noted in germinated rice in which both solubility and iron bioavailability were measured (Wei et 
al., 2013). Their findings indicated that the increased iron solubility during germination was not 




Soaked (12 h)-cooked and germinated (72 h)-cooked for Habru, soaked (12 and 18 h)-
cooked and germinated (72 h)-cooked for Local, and germinated (72 h)-cooked for Mastewal 
chickpea resulted in higher ferritin formation compared to samples cooked without pre-treatment. 
Unlike dry bean, germination of chickpea led to higher ferritin formation. This could be related to 
differences in the polyphenol profiles of dry bean and chickpea and thus different inhibitory 
potentials. A recent study demonstrated that different polyphenol compounds have promoting and 
inhibitory potential (Hart et al., 2017). The analysis of the composition of polyphenols, rather than 
just the total polyphenol content, would be needed to confirm the amount of promoter and inhibitor 
polyphenols in the seed coats of the dry bean and chickpea samples used in the current study. 
In the current study, a longer duration of fermentation (72 h) generally resulted in 
significant increases in ferritin formation in all dry bean and one chickpea (Habru) sample. This 
may be due to the combined effect of reduction of anti-nutrients as well as the organic acid 
production noted during the fermentation process (Chitra et al., 1996; Hemalatha et al., 2007; 
Porres et al., 2003). The enhancing effect of fermentation may be attributed mostly to acidification 
from natural lactic acid production rather than to phytate reduction (Proulx & Reddy, 2007). 
Shorter durations of fermentation were not effective in improving bioavailability, possibly due to 
higher pH and anti-nutrient content after 24 h and 48 h of fermentation compared to 72 h of 
fermentation. A lower pH and higher loss of anti-nutrients have been reported as the period of 
fermentation progresses (Shimelis & Rakshit, 2008). To the best of my knowledge, the effect of 
natural fermentation of dry bean and chickpea on iron bioavailability has not been extensively 
studied using the Caco-2 cell model. However, a study has been conducted to determine the effect 
of fermentation of carrot juice, and an increase was reported in the efficiency of iron uptake in 




The negative association between iron bioavailability and selected nutritional factors 
(polyphenols, tannin and calcium) in this study was expected due to their inhibitory effect. 
Inconsistent results have been reported in previous studies. For example, iron bioavailability in rice 
varieties studied using the Caco-2 cell model showed no correlation with iron and phytate levels 
(Glahn, Cheng, Welch, & Gregorio, 2002). In contrast, a positive correlation was noted between 
iron and iron bioavailability in dehulled, lentil-based food products (DellaValle & Glahn, 2014). 
A previous study of cooked lentil reported that iron content was not correlated with iron 
bioavailability in whole and dehulled lentil (Dellavalle et al., 2013). In a study of three pea 
varieties, a significant correlation between iron and iron bioavailability was noted in only one 
variety, whereas significant correlations between phytate and iron bioavailability and between 
phytate:iron molar ratio and iron bioavailability were noted in two of the varieties (Bangar et al., 
2017). A negative correlation between iron bioavailability and calcium content also was reported 
by Frontela et al. (2009).  
 
6.5 Conclusion  
Habru had the best iron bioavailability of all unprocessed dry bean (Hawassa Dume, Nasir 
and Red Wolaita) and chickpea (Mastewal and Local) varieties used in the current study. Despite 
attempts to decrease the level of mineral absorption inhibitors using soaking-cooking, germination-
cooking and fermentation, the reduction was not high enough to improve bioavailability at all 
processing durations, and variable impacts were noted for the different samples of dry bean and 
chickpea. Soaking (12 and 18 h)-cooking of Hawassa Dume and Red Wolaita and soaking (18 h)-
cooking of Nasir, soaking (12 h)-cooking, and germination (72 h)-cooking of Habru, soaking (12 




Mastewal were effective in improving iron bioavailability. Among the different durations of natural 
fermentation, 72 h was effective in increasing iron bioavailability in all dry bean samples but not 
chickpea samples, with the exception of Habru. Soaking-cooking, germination-cooking and 
fermentation are promising food processing techniques for improving iron bioavailability. 
However, since their effectiveness varies for different types and varieties of pulses, processing 







7.1 General Discussion  
As discussed in Chapters 1 and 2, despite efforts and programs conducted in different parts 
of the world, many people remain affected by micronutrient deficiency, predominantly women and 
children (Coad & Conlon, 2011). The magnitude of the problem is higher in low- and middle-
income countries (LMIC) such as Ethiopia (McLean, Cogswell, Egli, Wojdyla, & de Benoist, 2009; 
Wessells, Singh, & Brown, 2012). In LMIC, the greatest contributors to high rates of hidden hunger 
or micronutrient deficiency are low dietary diversity, poor bioavailability and high rates of 
infection. Of particular concern in countries such as Ethiopia, which have low levels of dietary 
diversity, is the heavy reliance on plant-based diets, such as cereals and pulses with their high levels 
of anti-nutrients and, hence, poor bioavailability (Zimmermann et al., 2005). Although pulses, 
particularly dry bean and chickpea, are commonly produced and consumed in Ethiopia 
(International Food Policy Research Institute, 2010; Kassie et al., 2009), their anti-nutrient qualities 
have hindered their use as nutritious foods that could counter high levels of iron and zinc 
deficiency, particularly among young children.  
Despite their high levels of anti-nutrients, pulses are nutritious foods known to be rich 
sources of protein and minerals. Non-governmental and governmental food agencies have long 
recognized them as low-cost sources of nutrition. Additionally, pulse crops are known to be 
environmentally sound because of their ability to improve the quality of the soil they are grown in. 
To recognize the importance of pulses worldwide, particularly in countries with high levels of 




of Pulses. The theme “Pulses: nutritious seeds for a sustainable future” was chosen to raise 
awareness, highlighting the contribution of pulses in addressing food security and environmental 
challenges.  
Although there are good reasons for the UN and other organizations to be promoting pulses, 
research is required to enhance their profile and mineral bioavailability. The chemical composition 
of the raw pulse alone is not a good predictor of the chemical composition of the pulse after 
processing (Pujolà et al., 2007), and since dry pulses are not usually consumed raw, it is important 
to determine the effect of food processing techniques used at the household level. According to a 
review of studies, the mineral bioavailability of pulses can be improved by reducing anti-nutrient 
contents through food processing strategies such as soaking, germination and fermentation 
(Haileslassie et al., 2016). However, the percentage reductions were variable in these studies. For 
example, phytate reduction due to soaking or germination ranged from no significant effect to 96% 
in dry bean and chickpea.  
The current study was designed to explore the role of household-level food processing in 
improving the bioavailability of iron and zinc in samples of three dry bean and three chickpea 
varieties grown in Ethiopia. Household-level food processing techniques, which mimicked the 
conditions commonly practised in Ethiopian households and which required minimal resources, 
were employed in the study. The water used in the experiments was limited to a minimum amount 
based on amounts used in previous studies (Piecyk et al., 2012; Shimelis & Rakshit, 2007; Xu & 
Chang, 2008). In addition, the utensils and procedures used for soaking, germination, fermentation 
and cooking were selected to reflect those that were or could be employed in resource-limited 
households in Ethiopia, since the prevalence of nutrition-related problems is high and the 
consumption of micronutrient-rich foods is low in such households (Central Statistical Agency 




design of food-based interventions by identifying food processing strategies and their impact on 
nutrient and anti-nutrient contents and mineral bioavailability of dry bean and chickpea grown in 
Ethiopia. 
Chapter 4 explored the impact of fermentation for different times (24, 48 and 72 h) on three 
dry bean and three chickpea samples. Fermentation is one of the oldest processing techniques 
practised in Ethiopia. The nutrient contents of the unfermented dry bean and chickpea samples used 
in the current study were mostly comparable to published data for dry bean and chickpea grown in 
Ethiopia and elsewhere (Ariza-Nieto et al., 2007; Kinfe et al., 2015; Shimelis & Rakshit, 2005b). 
As reported in other studies, the current study demonstrated that natural fermentation applied to 
dry bean and chickpea can result in significant reductions in phytate, tannin and polyphenol 
contents (Chitra, Singh, & Venkateswara Rao, 1996; Granito et al., 2002; Limón et al., 2015; 
Porres, Aranda, López-jurado, & Urbano, 2003; Shimelis & Rakshit, 2008; Torino et al., 2013). 
The reductions were evaluated to determine if they led to improvements in bioavailability using 
phytate:iron and phytate:zinc molar ratios. The data indicated that in most of the fermented 
samples, the phytate:iron molar ratio improved, whereas the phytate:zinc molar ratio did not 
improve significantly. These findings are consistent with another study that reported an 
improvement in the phytate:iron molar ratio in faba bean (Luo et al., 2009). The same study 
compared the phytate:iron molar ratio in soaked, germinated and fermented samples and reported 
the lowest phytate:iron molar ratio in fermented samples. In another study that assessed  zinc 
bioavailability, in contrast to the findings regarding phytate:zinc molar ratio in the current study, 
the ratio was reduced from 63 to 32 after natural fermentation of rice (Liang et al., 2008).  
Chapter 5 presented the results of soaking, germination, cooking and their combinations on 
the contents of selected nutrients and anti-nutrients in dry bean and chickpea samples. In addition, 




bean and chickpea were determined. Changes in the levels of iron, zinc and calcium also were 
noted in this study. The scoping literature review (Chapter 3) revealed some inconsistencies in the 
results reported on the effect of soaking and germination on iron and zinc contents of pulses. These 
results ranged from no effect, to significantly lower or higher iron and zinc contents after 
processing (Bains, Uppal, & Kaur, 2014; Berhanu et al., 2014; El-Adawy, 2002; ElMaki et al., 
2007; Sangronis & Machado, 2007; Trugo et al., 1999b; Wang et al., 2010). It was found that 
soaking-cooking and germination-cooking had different efficacies in reducing the contents of 
phytate, tannin and polyphenols. Similar results have been reported for pulses and grains (Ibrahim, 
Habiba, Shatta, & Embaby, 2002; Liang et al., 2008; Luo et al., 2013). Germination with cooking 
of dry bean and chickpea, particularly germination (48 and 72 h)-cooking and germination (72 h)-
cooking, were the most effective in reducing phytate and tannin contents, respectively. During 
germination, a decrease in phytate that progressed with time has been reported (Liang et al., 2008; 
Shimelis & Rakshit, 2007). Overall, polyphenol contents were lower after soaking-cooking than 
after germination-cooking.  
The current study was intended not only to select household-level food processing 
strategies to reduce anti-nutrient contents but also to investigate the effect of the processing 
strategies on sensory characteristics. The results indicated that dry bean- and chickpea-based dishes 
can be prepared from soaked and germinated seed without significantly altering sensory 
characteristics (odour, appearance, taste, texture and overall acceptability) compared to dishes 
prepared without pre-treatment of the dry bean or chickpea. Other studies also have reported that 
sensory ratings of food products formulated with germinated pulses were not significantly different 
from those of products prepared with unprocessed pulses (Simons & Hall, 2018). 
Previous studies on bioavailability of iron in Ethiopian diets (Abebe et al., 2007; Amare, 




of the phytate to mineral molar ratio without considering the effect of polyphenols and potential 
interactions between nutrients and anti-nutrients. However, it is critical to analyze bioavailability 
using either in vitro or in vivo studies, since nutrient composition alone does not provide the full 
picture. As there is no accepted biomarker for zinc in the Caco-2 cell model (Cheng, Tako, Yeung, 
Welch, & Glahn, 2012; Dias, Costa, Nutti, Tako, & Martino, 2017a), the bioavailability analysis 
in Chapter 6 focused on iron bioavailability. Thus, to evaluate the impact of the processing 
techniques on bioavailability, the formation of ferritin in Caco-2 cells, a proxy for iron 
bioavailability, was assessed. Despite the iron content of the dry bean samples being significantly 
higher than those of the chickpea samples, the formation of ferritin (indicator of iron 
bioavailability) was significantly higher in the Habru chickpea sample. Although the highest 
reductions in phytate and tannin for dry bean were observed after germination-cooking, the Caco-
2 cell experiments showed that these reductions do not necessarily improve bioavailability. Baye 
et al. (2014) also found that reduction of phytate alone was unlikely to improve iron bioavailability, 
suggesting that interactions with other absorption inhibitors could be responsible. There was a 5-
20 mg/100 g increase in polyphenol levels in germinated-cooked and soaked-cooked dry bean 
samples in this study, making the level of polyphenols in the germinated-cooked samples closer to 
the values in the cooked samples without treatment (128.7-165.5 mg GAE/100 g in dry bean and 
13.7-22.4 mg GAE/100 g in chickpea, Chapter 5). This change may have contributed to the lack of 
significant difference in iron uptake by Caco-2 cells in germinated bean samples. In agreement 
with the relationship between lower levels of polyphenols and improved iron bioavailability, Petry 
et al. (2015) reported that a small increase in polyphenol content has the potential to reduce iron 
bioavailability.  
Generally in the current study, fermentation for 72 h offered the highest degree of anti-




evaluated using the Caco-2 cell model coupled with in vitro digestion (Chapter 6). In agreement 
with the highest reduction in anti-nutrients noted at 72 h in this study (Chapter 4), the results from 
the Caco-2 cell model indicated that a longer duration of fermentation, i.e., 72 h, improved iron 
bioavailability of all bean samples and one chickpea sample. The findings also showed that the 
improvement in iron bioavailability after 72 h of fermentation could have been due to the 
production of organic acids as evidenced by the change in pH (from 6.2-6.3 to 4.3-4.6 in dry bean 
and from 6.4-6.5 to 4.4-4.7 in chickpea). Thus, the organic acids may have contributed to the 
formation of soluble iron (Bergqvist et al., 2006; Salovaara et al., 2002; Teucher et al., 2004).  
Overall, the household-level food processing strategies (soaking-cooking, germination-
cooking and fermentation) were effective in reducing anti-nutrient contents (phytate, tannin and 
polyphenols). However, these reductions may not always improve iron bioavailability as measured 
with Caco-2 cells. The investigation suggested that food processing alone was not effective in 
improving bioavailability in some samples. However, using household-level processing techniques 
to decrease anti-nutrient levels remains essential for reducing the total anti-nutrient intake of an 
individual. Despite the adverse effects of anti-nutrients on mineral bioavailability, studies have 
reported their health benefits (Vita, 2005; Vucenik & Shamsuddin, 2003, 2006). Since there is no 
consensus regarding the optimal amount of phytate and polyphenols for consumption, dietary 
intake recommendations of these substances require consideration of dietary habits and health 
conditions. It is, therefore, necessary to investigate additional processing methods to fully exploit 
the nutritional potential of pulses. For example, the household-level food processing strategies can 
be used in conjunction with other approaches, such as consuming foods rich in vitamin C, to bring 
about a meaningful change in the nutritional status of consumers. The knowledge generated in this 
study will contribute to the development of programs devoted to promoting and improving pulse 




7.2 Strengths and Limitations  
7.2.1 Strengths 
Unlike in most studies that have focused on a specific duration of food processing (Alajaji 
& El-Adawy, 2006; Bains, Uppal, & Kaur, 2014; Khandelwal et al., 2010; Rehman & Shah, 2005), 
a strength of the current study was its use of different durations of food processing techniques. 
Another strength of the study was the use of the Caco-2 cell model. To my knowledge, this was 
the first study to use this model to assess the effect of soaking and germination in combination with 
cooking on the bioavailability of iron in dry bean and chickpea grown in Ethiopia. The focus of 
most studies has been to assess changes in anti-nutrient and nutrient composition during food 
processing (López-Amorós et al., 2006; Shimelis & Rakshit, 2008; Wang et al., 2010), but using 
the Caco-2 cell model to analyze iron bioavailability allowed an indirect assessment of the uptake 
of iron in this study instead of simply assessing changes in composition. Although understanding 
the composition and iron bioavailability of processed products is important, the study did more. 
The composition and iron bioavailability will inform us about the potential of the food product in 
providing adequate nutrients but not whether it will be accepted by the community or not. Thus, it 
also determined the sensory acceptability of dry bean and chickpea that had been treated by 
common food processing techniques used by most Ethiopian households. While soaking-cooking 
and germination-cooking can be effective in reducing anti-nutrient contents, these processing 
strategies cannot be applied to all pulse-based food products, e.g. flour made from raw dry bean or 
chickpea seed and used for baking. This study provided fermentation as an alternative strategy. As 
Hemalatha et al. (2007) have noted, several studies have focused on the effect of accelerated 
fermentation, but few investigated the effect of natural fermentation. Thus, this study will make a 




7.2.2 Limitations  
 The pulses used in this study were not grown in a controlled experiment such that 
genotype/environmental effects could be studied. The current research determined the total 
polyphenol contents of dry bean and chickpea.  However, it could not distinguish between the 
different types of individual polyphenol components, with the exception of tannin. The study 
focused on parameters within the food. However, bioavailability also can be affected by 
physiological status. The other limitation of this research was the use of an in vitro study for iron 
bioavailability which could not fully simulate the full physiological and metabolic response in the 
human body (Dias, Costa, Nutti, Tako, & Martino, 2017b). Although Caco-2 cells are similar to 
human intestinal epithelial cells in morphology and function, they lack some features of human 
intestinal epithelial cells, such as mucus production (Scheers et al., 2014). Despite this limitation, 
the results from the Caco-2 cell model were comparable to those of human studies (Follett et al., 
2002; Kalgaonkar & Lönnerdal, 2008; Yun et al., 2004).  
 
7.3 Implications for Future Research  
The findings of the present study clearly indicate that several factors, such as nutrient 
content, anti-nutrient content and cooking time, should be considered in the design of food-based 
strategies to alleviate nutritional deficiencies. It also would be worthwhile to investigate the levels 
of individual polyphenol components following soaking-cooking, germination-cooking and 
fermentation, since a recent study revealed that not all types of polyphenols are inhibitors of iron  
bioavailability (Hart et al., 2017). Thus, identification of specific polyphenol components would 
help reveal changes in the proportion of enhancers and inhibitors as a result of processing of dry 




minimize the duration of soaking. Few studies have assessed the effect of food processing and the 
associated reductions in anti-nutrient contents at a population level. As a result, future studies could 
focus on determining the impact of household-level food processing strategies on nutritional 
biomarkers such as serum ferritin, soluble transferrin receptor and plasma zinc levels in human 
food trial studies, while considering physiological status. Since single meal studies may exaggerate 
the effect of anti-nutrients, precautions should be taken when interpreting such data. The mineral 
bioavailability of food products developed by either soaking, germinating or fermenting pulses, 
when consumed with other meals, needs to be assessed to understand the interactions between 
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Appendix B. Sensory Evaluation Form for Panellists 
Code of Participant _________________________Age________________ Sex___________________ 
You will be provided with food samples and we request you to evaluate the samples for appearance, texture, taste, odor and overall 










































Odour         
Appearance        
Texture         
Taste         
Overall 
acceptability  







Appendix C. Sensory Evaluation Form for Community Consumers 
 
Code of Participant _______Age_______ Sex _____Date _____________________________ 
 
You will be provided with food samples and we request you to evaluate the samples for 
appearance, texture, taste, odor and overall acceptability. Please give your responses based on a 5 
point scale (from “5” – excellent, to “1” - terrible) 
 
Sample code _____________________________ 
 
 5=excellent  4=very good  3=good 2= poor 1= terrible  
Odour       
Appearance      
Texture      
Taste      
Overall 
acceptability  


















Appendix D  
 
Table D.1. Nutrient Contents of Samples of Chickpea Grown in Saskatchewan 
Values are mean ± SD on a dry weight basis. CDC-C=CDC Cory, CDC-F= CDC Frontier 
 
 
Pulse Varieties  Protein  
 (g/100 g)  
Zinc  
(mg/100 g)  
 Iron  
(mg/100 g)  
Calcium  
(mg/100 g)  
Habru 19.9 ±  0.0 3.42 ± 0.00 6.45 ± 0.08 129.4 ± 4.3 
Mastewal  22.6 ± 0.1 3.29 ± 0.01 6.47 ± 0.07 140.3 ± 0.5 
Local  21.9 ± 0.2 3.06 ± 0.02 5.71 ± 0.13 217.8 ± 11.8 
CDC-C 20.3 ± 0.1 3.37 ± 0.23 4.29 ± 0.15 103.4 ± 11.1 








Table E.1. Inositol Phosphate Contents of Hawassa Dume  
Values are mean ± SD (n=2) on a dry weight basis. Means within a column with the same superscript letter are not significantly different (p>0.05) based on Tukey’s 
multiple comparison test. S12=soaked for 12 hours and cooked, S24=soaked for 24 hours and cooked, G24=germinated for 24 hours and cooked, G48=germinated 
for 48 hours and cooked, G72=germinated for 72 hours and cooked, *percentage reduction calculated in comparison to samples cooked without treatment 
Food process IP3  
(mg/100 g) 
Reduction* (%) IP4  
(mg/100 g) 








Raw  0.86 ± 0.77  8.42 ± 2.33a  12.00 ± 4.07a  34.46 ± 9.17a  
Cooked  0.58 ± 0.51  5.39 ± 2.67ab  4.31 ± 2.13b  20.75 ± 6.5b  
S12 cooked 0.53 ± 0.69 9 2.23 ± 1.91b 59 2.06 ± 1.01bc 52 15.01 ± 2.49bc 28 
S24  cooked 0.54 ± 0.59 7 2.12 ± 1.28b 61 1.38 ± 0.83bc 68 9.88 ± 1.82c 52 
G24  cooked 0.33 ± 0.17 43 2.10 ± 1.33b 61 0.93 ± 0.66c 78 7.20 ± 9.74c 65 
G48  cooked 0.22 ± 0.16 62 1.43 ± 1.24b 73  0.69 ± 0.30c 84 6.81 ± 0.96c 67 
G72  cooked 0.40 ± 0.35 31 1.93 ± 1.53b 64  0.60 ± 0.36c 86 9.32 ± 1.46c 55 
